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Common near-surface geophysical methods such as time domain electromagnetic induc-
tion (TDEM) metal detectors and ground penetrating radar (GPR) suffer performance degra-
dation as a function of site specific complex electromagnetic soil properties (permittivity,
permeability and conductivity). Knowledge of these soil properties from the kHz to the
GHz frequency range can be used to predict and improve sensor performance.
A prototype permittivity probe was used to measure the complex permittivity and con-
ductivity of the soil and calculate the GPR velocity and attenuation of the from the in-situ
measurements. The prototype probe was capable of accurately predicting the GPR veloc-
ities when compared with the GPR measurement and could easily predict the attenuation
which is difficult to determine from actual GPR data. Unfortunately the prototype probe
here has one primarily deficiency which is the assumption that the soils where it is used are
non-magnetic. To illustrate the problems with using this probe in magnetic soils I made soil
analogues from commercially available magnetite and crushed silica powder then measured
them using a common open ended coaxial probe followed by measurements with coaxial air-
line fixture which can also calculate magnetic properties. The calculated permittivities are
up to twice as high when measured with the coaxial probe as they are when measured with a
coaxial airline fixture which will lead to incorrect estimates of GPR velocity and attenuation.
To address the performance issues of metal detectors in magnetically viscous soils I cre-
ated a magnetically viscous soil analogue that could be used in mine detection training
lanes instead of importing soil from sites exhibiting magnetic viscosity. Five commercially
available iron oxide nano-powders were tested as additives to create the soil analogues by
measuring the magnetic viscosity of these iron oxides with a new prototype instrument and
compared them to samples of magnetically viscous soils collected at sites around the world.
Three of the iron oxides exhibited comparable magnetic viscosities to the naturally occur-
iii
ring soil samples. One was selected to make a soil analogue by mixing it with crushed silica.
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The detection and discrimination of small, compact targets in the shallow subsurface is a
significant area of interest in near-surface geophysics. The disciplines that can benefit from
this capability range from archaeology to civil engineering to military applications. Two
of the primary geophysical methods used for the detection of small subsurface targets are
electromagnetic induction (EMI) and ground penetrating radar (GPR). The performance of
both methods is a function of the electromagnetic properties of the target, the electromag-
netic properties of the medium (typically soils in the shallow subsurface) and the contrast
in those properties. The electromagnetic properties of the medium are typically assumed to
be scalar properties and independent of temperature, pressure or frequency, which can be
reasonable assumptions in many locations. However, in some locales experience has shown
that a greater knowledge of the electromagnetic properties of soils is necessary to determine
the applicability of each method to the detection of shallowly buried targets.
The performance of both EMI and GPR methods is dependent on the specific electro-
magnetic properties of the soil(s) and target(s) over the frequency range relevant to each
method. If the target of interest is metallic, then the metal detector is the preferred EMI
sensor because of its ease of use, low cost and ease of interpretation of the data. Metal detec-
tors are the most common tool for the detection and discrimination of unexploded ordnance
(UXO), landmines and other small, compact, shallowly buried targets. The advantage of an
EMI metal detector over a magnetometer is its ability to detect non-ferrous metallic targets.
If the target is non-metallic, then GPR is the preferred method because it responds to a
variety of materials, both natural and man-made (including metallic objects). GPR has be-
come more popular in the last decade for the detection of shallowly buried targets for several
important reasons, two of which are the detection of targets having a reduced metal content
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and its high resolution capabilities. Many shallowly buried targets, such as antipersonnel
landmines, have only minimal amounts of metal; even larger targets are being made with
a reduced metal content. Because of the high frequencies that GPR operates at, it has the
greatest resolution of any geophysical method at shallow depths, assuming the medium of
investigation is a low-loss environment. GPR has been used for many years to detect non-
metallic targets in the archaeology community where the target of interest may be nothing
more than soil that was disturbed by human habitation. The soil may have no discernible
differences other than a change in density, which leads to differential water retention and
is detectable with GPR. The increased use of GPR to detect small, compact non-magnetic
targets has been driven in many cases by military requirements to better locate targets of
this type either in regions of conflict or to assist with the cleanup process in former war
zones and on former military installations.
The increasing use of metal detectors and GPR world-wide to detect and discriminate
compact, shallowly buried targets has led to a need to be able to model the response of
the sensors, both in an optimum operating environment and under realistic conditions. As
metal detectors operate in the kiloHertz (kHz) frequency range and ground penetrating
radars operate in the megaHertz (MHz) to gigaHertz (GHz) range, each instrument has
advantages and disadvantages and are deployed in different situations depending on the
soil type, target type and target depth. The electromagnetic properties of soils (electrical
conductivity, dielectric permittivity, and magnetic permeability) control the performance of
these instruments, and the contrast in the electromagnetic properties between the soil and
target determine whether a target can be detected or discriminated.
Interpretation of geophysical data requires an understanding of the underlying relation-
ship between the geology and physical properties at the site. There are three electromagnetic
properties of materials that influence EMI metal detectors and GPR: electrical conductivity
(σ⇤), dielectric permittivity ("⇤), and magnetic permeability (µ⇤). All are complex properties,
i.e., have a real and imaginary component, as denoted by the asterisk and frequency depen-
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dent. Electrical conductivity is a measure of charge mobility caused by the application of an
applied electric field. Materials are classified as conductors, semi-conductors and insulators
or dielectrics. Dielectric permittivity is a measurement of charge displacement, or polariza-
tion. Polarization arises when a force displaces a charge from some equilibrium position,
thus, storing energy. There are several polarization mechanisms that occur in single-phase
materials and other polarization mechanisms that occur in mixtures. Magnetic permeability
is a property of matter that reflects the presence of moving charges and is a measure of the
ability of a material to support the formation of a magnetic field within itself. Materials are
classified as diamagnetic, paramagnetic, ferromagnetic or ferrimagnetic.
As mentioned previously, the primary physical properties influencing EMI and GPR sen-
sors are electrical conductivity, dielectric permittivity, and magnetic permeability. Because
EMI sensors operate at lower frequencies (< 100 kHz), electrical conductivity is the relevant
parameter. Conductivity depends on soil pore fluid and mineral composition, and target ma-
terial. An EMI sensor response is directly related to electrical conductivity, therefore the data
interpretation is less complicated than with GPR. GPR sensors typically operate between
the frequency range 10 MHz to 4 GHz where all three parameters–conductivity, permittiv-
ity, and permeability–affect signal propagation. In this frequency regime the parameters are
complex valued and can depend on frequency. Also, other parameters of interest, such as
EM wave velocity and attenuation, are not measured directly but must be calculated from
the measured properties. The velocity and attenuation are generally of more interest and
predicting them prior to arriving at a site is difficult. Soil maps, topographic maps, geologic
maps, and other remote sensing data for the United States and other countries have been
compiled to aid in predicting the performance of GPR. The increased use of GPR systems
by non-experts and their recent deployment on a much larger scale to locate landmines,
unexploded ordnance and other military targets of interest emphasizes the need to verify
predicted GPR performance with in-situ measurements. In many environments, the predic-
tion of GPR performance has been incorrect because of an inaccurate representation of the
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subsurface soils; for example in desert environments that did not account for clay and salt
in the sands. To verify remotely sensed parameter estimates it is important to have in-situ
measurements. The ideal solution is to send a GPR system to the site(s) of interest, but
this idea is predicated on having a system to send and a competent operator. An alternate
approach is to use a permittivity probe, which measures the dielectric permittivity of the
soil. The permittivity measurement could be input to a GPR forward modeling program
to simulate GPR response. Permittivity probe measurements are less expensive to acquire
than performing a GPR survey, and the probe is smaller to transport and designed to be
operated by a non-expert. An important assumption when using a permittivity probe is that
the material is non-magnetic. Magnetic soils can negatively affect the performance of metal
detectors and ground penetrating radar. Magnetic susceptibility is the parameter used to
describe how easily a material can be magnetized. Magnetically viscous soils are soils that
display a frequency dependence to their magnetic susceptibility and is the more important
property to metal detector performance.
As electromagnetic properties are frequency dependent, all of the physical property mea-
surements that comprise this research proposal are wideband complex electromagnetic prop-
erties. In the context of the proposed research, wideband implies that measurements will
be acquired over more than five decades of frequency (10 µHz to 18 GHz, depending on the
specific application). This thesis will tie together laboratory and in-situ measurements of
the wideband frequency-dependent electromagnetic properties of soils with the performance
of metal detectors and ground penetrating radars. To simulate the performance of these
sensors, the spatial distribution of electromagnetic properties at sites of interest must be
known over the frequency range applicable to each instrument, and also over the range of
site conditions that may exist.
Magnetic soils can significantly impact the performance of geophysical sensors [105–108].
These publications address issues with soils at three sites in Hawaii, one on the island of
Kaho’olawe and two on the Big Island, as well as a sample from a beach of Nueva Gorgona,
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Panama, 60 km southwest of Panama City. The publications dealing with the Hawaiian
soils focused on the effects of magnetic soils on UXO detection while the publication on the
Panamanian soils focused on the effects of thin magnetic layers on GPR performance.
1.1 State of the Practice
Predicting the velocity and attenuation of ground penetrating radar surveys prior to
arriving at a site is difficult. Predicting the performance of ground penetrating radar from soil
maps, topographic maps, geologic maps, and other remote sensing data has been done for the
United States and some other countries. Due to the recent deployment of ground penetrating
radar systems on a much larger scale than in the past to locate landmines, unexploded
ordnance and other military targets of interest and operation by non-experts it has become
more important to verify the estimates of potential ground penetrating radar performance
with in-situ measurements. In many environments prior prediction of ground penetrating
radar performance has been significantly incorrect, for example in desert environments but
not accounting for clay and salt in the sands. To verify the remotely sensed estimates it
is important to have in-situ measurements. The most obvious answer is to send a ground
penetrating radar system to the site(s) of interest, but this idea is precipitated on having a
system to send and a competent operator. A permittivity probe can be much less expensive,
smaller to transport and designed to be operated by a non-expert. A prototype permittivity
probe has been tested in a laboratory setting, in soil boxes and at a field site to demonstrate
its applicability and limitations to meet this identified need.
Coaxial probes for measuring permittivity and conductivity are very simple to deploy and
operate, but an important assumption is that the material is non-magnetic. Magnetic soils
can affect the velocity and attenuation of ground penetrating radar. To demonstrate this
effect naturally occurring magnetic soils have been characterized for their magnetic suscepti-
bilities at induction frequencies and their permittivity and conductivity were measured with
a coaxial probe. The same samples were then measured in a coaxial airline transmission line
to determine their permittivities, conductivities and permeabilities. The permittivities and
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conductivities were compared for both methods and then the calculated velocities and atten-
uations were compared to demonstrate the errors in calculation by neglecting the magnetic
permeability.
Magnetically viscous soils are soils that display a frequency dependence to their magnetic
susceptibility. Magnetically viscous soils negatively affect the performance of metal detec-
tors for detecting and discriminating landmines and other compact targets. To overcome this
deficiency one approach has been to design metal detectors with integrated ground penetrat-
ing radars. The radar should be less affected by the magnetic soil than the metal detector.
As these new metal detectors are much more complex instruments than their metal detec-
tor only predecessors new methods to train the instrument operators on how to effectively
detect and discriminate targets of interest must be developed. An issue with this process
is that there are few training facilities that have naturally occurring magnetically viscous
soils. To overcome this limitation it has been proposed to develop magnetically viscous soil
analogues that could be created in bulk to emplace at training facilities. TO develop these
soil analogues a number of naturally occurring magnetically viscous soils were measured.
Commercially available magnetite with grain sizes in the range of 15 to 30 nm were procured
as that grain size should exhibit maximum magnetic viscosity. The magnetic viscosity of the
magnetite was measured and compared to the naturally occurring materials. The magnetic
viscosities were compared and an appropriate volume ratio of magnetite was determined. A
magnetically viscous soil analogue was created then the properties were measured at ground
penetrating radar frequencies along with those of the naturally occurring soils. The fre-
quency dependent permittivity, conductivity and permeabilities of the naturally occurring
and soil analogue were compared.
Interpretation of geophysical data requires an understanding of the underlying relation-
ship between the geology and the physical properties at the site. There are three electro-
magnetic properties of materials [90]: magnetic permeability (µ⇤), electrical conductivity
(σ⇤), and permittivity (✏⇤). Magnetic permeability is a property of matter that reflects the
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presence of moving charges and is a measure of the ability of a material to support the
formation of a magnetic field within itself. Materials are classified as diamagnetic, para-
magnetic, ferromagnetic or ferrimagnetic. Electrical conductivity is a measure of charge
mobility due to the application of an applied field. Materials are classified as conductors,
semi-conductors and insulators or dielectrics. Permittivity is a measurement of charge dis-
placement, or polarization. Polarization arises when a force displaces a charge from some
equilibrium position, thus, storing energy. There are several polarization mechanisms which
occur in single phase materials and other polarization mechanisms which occur in mixtures.
[44] showed that all electromagnetic properties are not only frequency dependent but also
complex. The properties that we measure in the laboratory are not independent but effec-
tive properties as conductivity and permittivity are interdependent. The concept of complex
conductivity implies that the current density and electric field in a material are not in phase.
The physical properties of interest for earth materials are secondary properties of the pri-
mary properties: water content, content of other naturally occurring or man-made materials,
frequency of measurement, chemical history, biological processes, and angle of measurement.
The process of interpreting geophysical data starts with assuming the simplest property and
then modifying the assumptions until an acceptable interpretation is reached. As electro-
magnetic properties are frequency dependent, all of the physical property measurements that
compose this research proposal are wideband complex electromagnetic properties. In context
of the proposed research wideband implies that measurements will be made over more than
five decades of frequency (10 µHz to 18 GHz depending on the specific application).
1.1.1 Ground Penetrating Radar Performance
Ground penetrating radar (GPR) is a geophysical technique which is based on electro-
magnetic wave propagation and functions in the frequency range of approximately 10 MHz
to 4 GHz. GPR functions by propagating an electromagnetic wave into the ground and
recording the signals that arrive from reflections caused by contrasts in material proper-
ties, primarily permittivity. At each boundary where contrasts in material properties occur,
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some of the electromagnetic energy is transmitted and some is reflected. While contrasts
in conductivity or magnetic permeability can also generate reflections they are primarily
loss mechanisms. Highly conductive soils (or saltwater) can cause GPR penetration to be
minimal and as the conductivity increases the response of the soil becomes the same as that
of a metal plate which is a pure reflector (no transmission occurs). The permittivity of soil
is independent of frequency until the upper end of the GPR frequency range. The lower end
of the GPR frequency range is used for deep geologic profiling, while the higher end is used
for detecting and discriminating smaller targets in the shallow subsurface.
Most commercially available GPR units have historically been a time-domain pulse sys-
tem with a center frequency (i.e., 250 MHz) and a known bandwidth. In the last ten years
advances in computer capabilities have led to the development of continuous wave step
frequency (CWSF) GPR systems which are frequency-domain instruments that can step
through frequencies from approximately 50 MHz up to 3 GHz. The 3D-RADAR Geoscope
system is a CWSF GPR that has 25 transmit (Tx) and receive (Rx) antenna elements with
7.5 cm spacing for a total width of 2.1 m. This significant increase in frequency bandwidth
means that frequency dependent properties are now relevant as the soil response can very
significantly over the range of operation of the GPR unit. The massive increase in data also
implies that understanding the spatial variation in electromagnetic properties of both the
soil and the target.
Landmines or other small compact targets are placed in areas that will have the largest
impact on the intended targets leading to most emplacements being on roads or footpaths.
Road clearance of these targets typically uses arrays of ground penetrating radar antennas
and sometimes arrays of metal detectors. Recently some man-portable multi-sensor platforms
have been created that combine metal detectors with ground penetrating radar. A difficulty
that arises with testing such sensors is that all of the difficult geological conditions that can
cause poor sensor performance are not conveniently located near each other or to training
ranges. A common practice is to create training lanes which are similar to a swimming pool
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where each lane would be filled with a different soil type. A difficulty with this concept is
the need to acquire the soils for use in the test lanes. Some materials such as clean sands,
gravels and clays may be available in close proximity to the test lanes, but magnetically
viscous soils are typically only located within plus or minus 20 degrees of the equator and
the United States Department of Agriculture has restrictions on importing bulk quantities
of soil from outside the continental United States.
GPR attenuation is more important than velocity to most applications, and is primarily
affected by electrical conductivity. There are a limited number of publications on measuring
either the absolute attenuation in decibels (dB) or the attenuation as a function of distance
(dB/m). According to Dr. Steve Arcone of the U.S. Army Cold Regions Research and
Engineering Laboratory (CRREL) who has be performing GPR research since the early
1970s it is very difficult to measure either type of attenuation from real data. Grimm et.
al. [46] showed that it is possible to fit an attenuation curve to GPR common offset data
measured over a large area with low frequency antennas. The paper applied three difference
scattering models to the data to create three different attenuation curves. The data was
corrected for geometric spreading and backscatter. Three models for the reflecting target
were used: smooth planar reflections, Rayleigh scatterers, and an intermediate case where
the GPR is integrated only over the diameter of the first Fresnel zone. This method showed
potential to quantify attenuation.
Leucci [65] showed that in a controlled laboratory experiment where the exact dimensions
of the material where known that it was possible to calculate the attenuation from common
offset GPR data. The data analysis involved removing field applied gains to the data, then
removing the effects of geometric spreading. The velocity was determined to ensure that the
time to depth conversion matched the known distances. Then a ratio of signal amplitude was
determined from the initial GPR pulse and the reflected pulse to calculate the attenuation.
MacGregor and colleagues [66, 69] have demonstrated that it is possible to calculate
GPR attenuation from airborne radar surveys over Greenland and Antarctica. Both of these
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papers required a deep long reflector that could be used as a bottom boundary and relatively
low attenuation values. Excellent point targets in their data generated parabolas that could
be used to calculate the ice velocities and therefore the depth of the larger reflector, which
was the ice and rock interface. With the geometry know the GPR amplitude ratios could be
used to estimate the attenuation.
Bradford and colleagues [14–16, 51] have done a number of publications on estimating Q⇤
from GPR data . These publications have shown that it is possible to estimate Q⇤ from field
data but that there were limitations depending on data collection geometry, when frequency
dependent velocity existed and when there were no good reflectors.
All of these methods for calculating attenuation require ideal geological conditions and
are therefore not commonly utilized. They require low attenuation in the subsurface, long
reflectors at depths shallow enough that the data can be recorded before the waves completely
attenuate, and some point reflectors in the data that can be used to calculate the velocity.
These methods are not regularly used in the field and the sites where they will work are not
the places where most GPR data is collected.
1.1.2 Metal Detector Performance
Most detection of unexploded ordnance uses either a metal detector, which functions in
the electromagnetic induction frequency range, or a magnetometer. Detection of land mines
primarily uses metal detectors with some usage of ground penetrating radar. Detection of
improvised explosive devices focuses on ground penetrating radar as the detection method-
ology. Active military units must be able to detect all of these targets and are commonly
issued metal detectors for this purpose.
High levels of both soil magnetic susceptibility and magnetic viscosity have been shown
to negatively effect the performance of metal detectors. High levels of magnetic susceptibility
can reduce the signal to noise level of the sensor, while high levels of magnetic viscosity can
cause the soil to exhibit a delay mechanism which causes the response from the soil to mirror
the response of a small compact target. One of the easiest ways to improve the detection of
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small compact targets in magnetically viscous soils with a time domain metal detector is to
measure at very early or very late times after the transmitter pulse turns off. While this is
theoretically easy to do, it is practically very challenging due to the mutual coupling between
the transmitter and receiver coils. It may be impossible to do in single coil systems as the
required early time measurements may still have ringing in the coil from the transmitter
pulse turn off.
Much work has been done in the areas of magnetic soils and their affects on the detec-
tion and discrimination of unexploded ordnance and landmines. Magnetic viscosity is the
existence of a time delay between a change in the magnetic field applied to a ferromagnetic
material and the resulting change in magnetic induction which is too great to be explained
by the existence of eddy currents. The effect, possessed by a magnetic field in the absence
of sizable mechanical forces or electric fields, of damping motions of a conducting fluid per-
pendicular to the field similar to ordinary viscosity [61, 63, 64, 82]. [82] showed the negative
effects that magnetically viscous soils can have on the detection of buried compact metal
targets, UXO in this case, using time-domain electromagnetic metal detectors. For this rea-
son there has been much interest in geophysical methods that either are insensitive to this
target masking combinations of sensors that experience different responses int he presence
of magnetically viscous soils. Billings et. al. [11, 12, 70, 81, 83] wrote several conference
papers and journal articles on the impact of magnetically viscous soils on detection and
discrimination of UXO. One example of a sensor such as this is the Minehound combination
time-domain metal detector and GPR manufactured by Vallon. [10] wrote that most of the
problems with magnetic soil effects on metal detectors could be solved by transitioning from
the commonly used co-axially, coincident coil systems to a system with enough transmitters
and receivers to recover the full polarizeability tensor of the buried target. This is exactly
what has transpired over the last ten years as systems from the USGS, Geometrics, G&G
Geosciences, Sky Research, and others have transitioned to this method. Unfortunately these
systems are still mostly in the prototype stage, with less than 15 units of any one specific
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sensor in existence. The vast majority of metal detectors are still simple systems primarily
due to cost and size limitations. This is the primary reason for the creation of systems like
the Minehound as it was cheaper and less of a size/weight issue to add a GPR system than
go to the number of coils needed to fully characterize the targets. [73] and [74] were the first
to hypothesize about the usefulness of magnetically viscous soils in the field of archaeology
for delineating changes in soil properties due to magnetic alteration.
1.1.3 Measurement of Complex Electromagnetic Properties of Soils
Measurement of frequency dependent electromagnetic properties of soils has been ongo-
ing for more than 40 years, but only recently have the instruments been available to perform
these measurements in-situ. The advantages of in-situ measurements is that there is min-
imal disturbance of the soil in the process of performing the measurement. There are still
difficulties with measurement fixtures that can be applied to in-situ measurements to op-
timize the volume of soil being measured while minimizing soil disturbance. One specific
area of interest is the effect of magnetically viscous soils on the detection and discrimination
of shallow compact targets. Magnetic viscosity is the existence of a time delay between a
change in the magnetic field applied to a ferromagnetic material and the resulting change
in magnetic induction which is too great to be explained by the existence of eddy currents.
The effect, possessed by a magnetic field in the absence of sizable mechanical forces or elec-
tric fields, of damping motions of a conducting fluid perpendicular to the field similar to
ordinary viscosity [61, 63, 64, 82]. Magnetic viscosity is typically expressed as a percent
difference in magnetic susceptibility measurements made with a Bartington MS2B resonant
coil system at two frequencies one decade apart (465 Hz and 4.65 kHz). [42] showed that
the maximum percent difference in magnetic susceptibilities should be approximately 15%
due to the magnetic grain-size distribution having a finite width.
Methods for in-situ determination of GPR velocities and attenuation can be broadly
placed in two categories, direct wave methods and reflected wave methods. Reflected wave
methods typically involve burying an iron pipe horizontally in an exposed vertical soil face
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then performing a common offset GPR survey over the pipe [23]. Direct-wave methods
include common midpoint (CMP), wide-angle refraction and reflection (WARR), transil-
lumination, and burying one transmitting antenna and two receiving antennas as known
separations [3]. The most common methods for determining GPR performance in-situ are
to perform a common midpoint (CMP) survey over a naturally occurring horizontal discon-
tinuity or to bury a known target such as a metal rod or plate at a known depth. We will
limit our discussion to CMP as it is by far the most commonly used direct-wave method.
A CMP requires a flat reflector or contrast of electromagnetic properties within the
maximum penetration depth of the antenna and electronics being used. The transmitter
antenna and receiver antenna are placed next to each other at a known separation, then
after each measurement the antennas are moved apart a fixed distance with the step size
being a function of the antenna center frequency [4, 5, 23]. Depending on the electrical
conductivity of the bulk soil it is possible in many soil types that penetration may be too
poor to perform a quality CMP survey. Another disadvantage to the CMP method is that
it requires bistatic antennas in separate antenna housings so that they can be moved apart.
Several of the most popular GPR systems in the world only have only monostatic antennas
or bistatic antennas inside of a single housing preventing them from being used for CMP
surveys. Some newer GPR array systems have large number (more than 25) of transmitter
and receiver elements inside of a fixed housing and allow the operator to interleave CMP
surveys within common offset surveys.
Estimating a bulk velocity for the subsurface from a buried metal rod is simple if there
is an exposed face in the soil so that the rod can be driven into the soil horizontally without
disturbing the soil. The disadvantage with using an existing vertical face is the exposure
of the open face may lead to a significantly lower soil moisture content than the bulk soil
further from the exposed face [26] due to evaporation leading to different calculated velocities
near the face than those present over the rest of the site. The more common method is to
excavate a trench and then drive a metallic cylinder horizontally into the vertical face of the
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trench. A disadvantage of the hyperbola matching method with a buried target of known
depth is that the calculated velocity is an average of all of the material between the antenna
and the buried target. This can be important in situations where a thin caliche layer at the
surface may have significantly different electromagnetic properties than the layers beneath it.
A possible solution is to bury the same target at several depths to determine if the velocities
vary with the depth of burial of the target.
Laboratory methods of measuring the complex electromagnetic properties of soils are
another commonly used approach to determine velocity and attenuation. The variability of
both material parameters and local geologic condition that is encountered in-situ is such as
to cause great difficulty in accurate prediction of propagation behavior. This point should be
noted when assessing the value of predictive methods, as an accurate description by means
of a theoretical approach may not adequately describe a situation with geologic complexity.
Similarly it is often difficult to replicate the bulk material electromagnetic characteristics
of a material in laboratory conditions using small samples. Even if the moisture content is
correctly replicated, difference in density between in-situ and laboratory samples are difficult
to minimize [31].
1.1.4 Permittivity Probe
According to Conyers [23–25] there is ongoing research to develop an instrument that
can quickly and accurately measure soil properties to be used in determining GPR efficacy
before going to the field. To our knowledge no wideband instrument exists that can be used
to measure the complex permittivity and conductivity of the shallow subsurface. All current
commercial soil moisture meters estimate volumetric soil moisture content by measuring the
permittivity of soil and relating it soil moisture content [103] with a site specific calibration.
To our knowledge, commercially available moisture probes do not output the real and imag-
inary components required to calculate GPR velocity and attenuation, they only output a
value for soil moisture. The theory of operation of the various type of microwave frequency
range methods of measuring permittivity are well known and date back to at least the 1950’s
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Von Hippel [109, 110] with an excellent recent review being Chen et al. [19]. The most com-
mon configuration for wideband permittivity probes is the open coaxial probe which has
been used in a number of configurations for determination of permittivity and soil moisture
[13, 20, 21, 35, 50, 59, 92, 93, 113].
The ElectroScience Laboratory at the Ohio State University (OSU) developed an in-
strument for the U.S. Army Waterways Experimental Station (WES) in 1988 [29, 41, 47]
that would allow in-situ measurement of permittivity in shallow boreholes to assist with site
preparation for ported coaxial cable intrusion detection systems. The instrument was called
the DICON (Dielectric permittivity and conductivity) Probe and utilized time domain re-
flectometry (TDR) to perform the measurements. Commercial instruments are available [1]
which can measure permittivity and electrical conductivity on the surface at a single fre-
quency. In 2011, the OSU ElectroScience Laboratory worked with the U.S. Army Engineer
Research and Development Center (ERDC) to develop a new wideband in-situ permittivity
probe for measuring permittivity in shallow boreholes. Measurement over a wide frequency
band is beneficial as many of the GPR systems of interest for detection of shallow targets
operate at higher frequencies (up to 3 GHz) than most traditional GPR system. This probe
measures only reflection parameters from a single port, which implies that that we must
assume that the material being measured is non-magnetic as the matrix equations would be
underdetermined if the sample was magnetic. This is a valid assumption for most rocks and
soils as the impact of magnetic materials on permittivity measurements is only important
when the relaxation and loss effects become comparable to those produced by permittivity.
The instrument demonstrated here is a modified version of the probe developed at OSU in
2011.
1.1.5 Impact of Magnetic Soils on Coaxial Probe Measurements
Most soil permittivity measurements are made with some variation of a vector network
analyzer connected to either an open ended coaxial probe or a parallel plate capacitor. The
probes can either operate in the frequency domain or in the time domain. Most soil moisture
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probes operate in the time domain. The choices of geometries for these probes are chosen
for ease of insertion into the soil, accuracy of the measurement and repeatability of the
measurement. The disadvantage of these probe geometries is that the data collected is only
sufficient to calculate the real and imaginary components of the relative permittivity, which
can be used to estimate the water content. The geometries of the probes along with the
types of electronics are not sufficient to also measure the real and imaginary components
of the relative magnetic permeability. This means that magnetic soils will lead to incorrect
measurements of the electrical properties as the magnetic properties will be lumped into the
measurement.
High levels of both soil magnetic susceptibility and magnetic viscosity have been shown
to negatively effect the performance of metal detectors [12, 80, 80]. High levels of magnetic
susceptibility can reduce the signal to noise level of the sensor, while high levels of magnetic
viscosity can cause the soil to exhibit a delay mechanism which causes the response from the
soil to mirror the response of a small compact target. One of the easiest ways to improve the
detection of small compact targets in magnetically viscous soils with a time domain metal
detector is to measure at very early or very late times after the transmitter pulse turns off.
While this is theoretically easy to do, it is practically very challenging due to the mutual
coupling between the transmitter and receiver coils. It may be impossible to do in single coil
systems as the required early time measurements may still have ringing in the coil from the
transmitter pulse turn off.
Much work has been done in the areas of magnetic soils and their effects on the detec-
tion and discrimination of unexploded ordnance and landmines. Magnetic viscosity is the
existence of a time delay between a change in the magnetic field applied to a ferromagnetic
material and the resulting change in magnetic induction which is too great to be explained
by the existence of eddy currents. The effect, possessed by a magnetic field in the absence
of sizable mechanical forces or electric fields, of damping motions of a conducting fluid per-
pendicular to the field similar to ordinary viscosity [61, 63, 64, 82]. Pasion [82] showed that
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magnetically viscous soils can display the same decay response as buried compact targets
over the commonly used time windows in most metal detectors. For this reason there has
been much interest in geophysical methods that either are insensitive to this target masking
combinations of sensors that experience different responses int he presence of magnetically
viscous soils. Billings et. al. [12, 80, 80] wrote several conference papers and journal articles
on the impact of magnetically viscous soils on detection and discrimination of UXO. One
example of a sensor such as this is the Minehound combination time-domain metal detector
and GPR manufactured by Vallon. [10] wrote that most of the problems with magnetic
soil effects on metal detectors could be solved by transitioning from the commonly used co-
axially, coincident coil systems to a system with enough transmitters and receivers to recover
the full polarizeability tensor of the buried target. This is exactly what has transpired over
the last ten years as systems from the USGS, Geometrics, G&G Geosciences, Sky Research,
and others have transitioned to this method. Unfortunately these systems are still mostly
in the prototype stage, with less than 15 units of any one specific sensor in existence. The
vast majority of metal detectors are still simple systems primarily due to cost and size limi-
tations. This is the primary reason for the creation of systems like the Minehound as it was
cheaper and less of a size/weight issue to add a GPR system than go to the number of coils
needed to fully characterize the targets. [73] and [74] were the first to hypothesize about the
usefulness of magnetically viscous soils in the field of archaeology for delineating changes in
soil properties due to magnetic alteration.
1.1.6 Creation of a Magnetically Viscous Soil Analogue
Certain types of soils contain significant amounts of very fine grains that lead to a behav-
ior termed magnetic viscosity. Magnetic viscosity is seen as a frequency dependent response
of the magnetic viscosity. Magnetically viscous soils can negatively impact the performance
of metal detectors by causing a soil response that is similar to that of the targets of interest.
To better understand this phenomenon researchers regularly travel to locations with know
magnetically viscous soil to test both their metal detectors as well as their sensors for mea-
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suring magnetic viscosity. There is an interest primarily form military organizations to be
able to create synthetic magnetically viscous soils that can be installed at test sites local to
the instrument testing and design facilities. Some work has been done in this area by the
British military to create magnetic soils by adding bulk magnetite powder to native soils.
Specific types of targets which can be impacted by magnetically viscous soils include land
mines, unexploded ordnance and improvised explosive devices. While all of these potential
targets can be affected by magnetically viscous soils they are each impacted in a different
manner. Landmines are typically small compact targets that are intentionally buried in the
shallow subsurface or on the surface of the soil. Landmines are generally categorized into
either anti-tank or anti-personel based on the size of the intended target and therefor the size
of the landmine. Antipersonnel mines are the more difficult target as they are smaller than
antitank land mines and have minimal amounts of metal in them, the equivalent of a small
ball bearing. Unexploded ordnance is ordnance that was designed to explode on impact
but for some reason did not explode, it is a different problem in that it can be anywhere
from the surface of the ground to several meters deep, and was not placed intentionally.
Unexploded ordnance is always made of metal so it should have a strong contrast with
the soil electromagnetic properties, the primary problem is discrimination not detection.
Magnetically viscous soil can cause metal detectors to have difficulty detecting unexploded
ordnance. Improvised explosive devices are explosive devices that were intentionally placed
in the ground with the intention of cause damage to life, limb and property. They can
cover the range of electromagnetic properties from being constructed entirely of metal to
containing no metal at all.
To quantify the performance of geophysical sensors as a function of soil properties, many
organizations build test lanes or test sites where different types of soils can be emplaced so
that sensors can be tested at one location over a wide range of soil properties. One such site
is the mine lane test site located at Fort Belvoir, VA that is operated by the US Army Night
Vision and Electronic Sensors Directorate (NVESD). This site is continually updated and
19
improved to be able to test more sensors over a larger range of soil properties. I first worked
on characterizing these soils in 2003 [30] and have worked with this organization recently to
select soils for this site. This facility can be seen in Figure 1.1, from the outside in the left
picture and from the inside on the right picture. There are many other similar facilities all
over the world, some are indoor facilities like this and others are outdoor facilities.
Figure 1.1: Photograph of the NVESD mine lane test facility from the outside(left), photo-
graph of the inside of the facility from the inside(right).
All of these facilities attempt to represent the range of common soil properties that the
members of their organizations will encounter at field sites. These facilities also attempt to
represent the extremes of soil properties that their users may encounter as well. Extreme
soil properties in this context typically refer to highly conductive soils, highly magnetic soils
or soils that exhibit high levels of magnetic viscosity.
Understanding of the interactions between sensors and soils is a difficult area. Many
governmental organizations such as the Defence Research and Development Canada (DRDC)
[32], the British Geological Survey (BGS) and a former part of the British Ministry of Defense
[98] now known as QinetiQ, and the New Mexico Institute of Mining and Technology [49]
have extensively studied the effects of soils with high values of magnetic susceptibility and
high levels of magnetic viscosity on the ability to detect landmines. These efforts were only
focused on creating soils for test lanes to be used by metal detectors.
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In the test sites described above, significant deviation between synthetic and natural
soil susceptibility/viscosity was due to lack of substantial nanophase (superparamagnetic)
fraction in the commercial magnetite. Issues related to GPR performance are of course
different, and will be a particularly interesting objective to develop standards for synthetic
soils that are simultaneously challenging for both MD and GPR sensors. Pettinelli et al.
[84] tested samples to use as Martian analogues that were most likely multidomain, which
may be appropriate for a Martian soil simulant, but will not not be helpful here. The
DRDC magnetite was not a particularly useful reference for metal detector performance
due to lack of significant viscosity. Some of these magnetic results are puzzling, and it’s
not immediately obvious that relation between real and quadrature spectra is consistent
with expectation (i.e. Kramers-Kronig). [84] used an imbedded toroid to measure magnetic
viscosity which is difficult to implement for some soils, but it’s an interesting concept, and
may have practical applications. The next step in this research will be to select which mixing
model is most appropriate. Sihvola [94] has the best general reference that reviews the range
of electromagnetic mixing models.
The British Geological Survey (BGS) published a report in 2001 [98] which showed the
results of a ten person team attempting to simulate the magnetic susceptibility of Cam-
bodian soils by mixing fine-grained magnetite with locally available soil. This work tested
11 samples from Battambang, Cambodia and Devon, England, and mixtures of the Devon
soil with magnetite. The team used conductivity meters, kappa meters, XRD, and SEM to
characterize the samples. The XRD measurements for sample mineralogy were performed
with a Philips PW1700 series diffractometer equipped with a cobalt-target tube operating
at 45kV and 40mA. The geophysical properties measured were magnetic susceptibility and
electrical resistivity. Both properties were treated as the zero frequency (DC) lower limits.
No attempt was made to measure the frequency dependent properties. The electrical resis-
tivity was measured as a function of moisture content. The physical properties investigated
in the BGS work ranged from 100 Hz to 100 kHz.
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The Defence Research and Development Canada (DRDC) Suffield facility in Medicine
Hat, Alberta, Canada was the lead agency for a research program that lasted for more than
ten years to understand the impact of magnetically viscous soils on the detection of landmine
and unexploded ordnance (UXO) . Under contract to DRDC, Dr. Guy Cross of TerraScan
Geophysics produced a report on the impact of soil magnetic viscosity on landmine detection
[28] . ERDC currently has a contract with TerraScan Geophysics under our Broad Agency
Announcement (BAA) to perform additional research on improving laboratory measurements
of frequency dependent magnetic susceptibility. Also under contract to DRDC, Dr. Gordon
West and Richard Bailey, University of Toronto, developed a laboratory based time domain
magnetic viscosity meter. ERDC has initiated a contract with Geoscan Sensors of Toronto,
Canada to purchase one of these sensors to speed up our ability to perform laboratory
magnetic viscosity measurements.
The New Mexico Institute of Mining and Technology (a.k.a. New Mexico Tech), Socorro,
New Mexico, has a long running program at its Energetic Materials Research and Testing
Center to understand soil properties that affect landmine, unexploded ordnance (UXO) and
improvised explosive device (IED) detection. Dr. Jan Hendrickx has been the lead for this
research with a number of other professors, post-doctoral researchers, graduate students and
undergraduate students. Previous work in this area was performed by van Dam et. al. [104].
The European Union has supported research into the effects of soil properties on land-
mine detection for a number of years. They have built several test sites in Germany, the
Netherlands and Ispra, Italy for the testing of metal detectors and GPR to improve landmine
detection. The Institute for the Protection and Security of the Citizen (IPSC), and the Joint
Research Centre, European Commission, in Ispra, Italy have the testing and training sites
for metal detector research. They did significant work in characterizing each lane to ensure
that the electromagnetic properties of the lanes matched the planned properties. They also
did significant work to investigate the spatial variation of the properties in each lane. Some
lanes were designed to be isotropic and homogeneous, while others were designed to have
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spatial variations of electromagnetic properties that simulated the actual spatial distribution
of soil properties at real sites of interest. One comment from a site report was that the mag-
netic properties of the test lanes were expected to remain constant for a number of years,
while the electrical properties of the lanes would vary as a function of moisture content due
to precipitation and evaporation.
1.2 Research Questions
The three focus areas of this dissertation all have deficiencies in the current state of the
practice. In this section I will focus on the deficiencies that I have identified and explain the
impact of these deficiencies as well as what others have done to address these deficiencies.
This thesis demonstrates that in-situ measurements of frequency dependent permittivity
and conductivity with a prototype permittivity probe can be made by non-experts and that
the results can be used to predict GPR velocities and attenuations within 5% of the values
measured by common midpoint surveys. This thesis also demonstrates that permittivity
probe measurements of magnetic soils will incorrectly estimate the velocities and attenuations
of ground penetrating radar data. This thesis finally demonstrates that is it possible to
create a soil analogue that mimics the complex permittivity, conductivity and permeability
of naturally occurring magnetically viscous soils.
1.2.1 Prediction of Ground Penetrating Radar Performance
This work focuses on measuring the complex electromagnetic properties of soils from sev-
eral locations around the world that have been previously collected. The measurements will
be performed over a wide frequency range of approximately 10 µHz to 18 GHz as this will
allow the observation of the multiple relaxation and resonance phenomena. To fully char-
acterize a soil the complex electromagnetic properties must be measured over six or more
decades of frequency. No single measurement method can measure all of the electromag-
netic properties over the entire frequency range of interest. There are numerous methods to
make these measurements but no one method will be suitable for the entire frequency range
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and for all properties. The methods used will overlap each portion of this research. Low
frequency electrical property measurements (approximately 10 µHz to 10kHz) can be made
with two or four electrode sample fixtures connected to a custom-built complex resistivity
system or an impedance/gain-phase analyzer connected to an electrochemical interface in
order to achieve sufficient amplitude and phase accuracy. Magnetic property measurements
are difficult at these low frequencies due to the sample geometries required. Middle fre-
quency range (approximately 20 Hz to 100 MHz) electrical measurements can be made with
two or four electrode sample fixtures connected to a custom-built complex resistivity sys-
tem or an impedance/gain-phase analyzer. Magnetic measurements in this frequency range
can be performed with solenoids or torroids connected to impedance analyzers or custom
electronics. High-frequency (approximately 500 kHz to 18 GHz) electromagnetic property
measurements can be measured as lumped S-Parameters in waveguides, coaxial airlines or
with free-space fixtures. High frequency electrical properties can be also measured with
ring resonators or terminated coaxial probes up to 50 GHz assuming that the samples are
non-magnetic. There are a numerous methods that work quite well for non-magnetic mate-
rials, but the measurement methods become more limited when one would like to measure
complex permittivity, conductivity and permeability on known magnetic samples. These
methods are all well described for laboratory measurements, but are still quite limited for
in-situ measurements.
1.3 Impact of Magnetic Soils on Coaxial Probe Measurements
The use of coaxial permittivity probes is reduced in magnetic soil environments. The work
by Cassidy [18] overly simplifies the relationships between magnetic soils and the measured
permittivity. To properly characterize a magnetic soil it must be measured with a method
that can separate the magnetic properties from the electrical properties. An open ended
coaxial probe is very useful due to its ability to make measurements of a sample without
complicated sample geometries, but it can only accurately measure non-magnetic samples.
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The primary assumption with measuring the electromagnetic properties of earth materials
with a coaxial probe is that the material is non-magnetic, having a relative permeability of
1. This assumption is correct for many but not all soils leading to incorrect determinations
of velocity and attenuation from the measured complex permittivities. Most soils that have
volcanic origins and contain magnetite are classified as very magnetic and will produce
incorrect measurements with an open ended coaxial probe.
Robinson et. al. [89] focus on the impact of magnetic minerals on the determination of
soil moisture content from Time Domain Reflectometery (TDR) probes. This is relevant and
related to the measurement of complex electromagnetic properties but is not sufficient to get
the wideband properties necessary to predict GPR performance over the frequency range of
interest. Measurements with a wideband frequency-domain instrument can best translate
into GPR velocities and attenuations.
1.4 Creation of a Magnetically Viscous Soil Analogue
Magnetically viscous soils have been demonstrated to negatively impact the functionality
of metal detectors, in some situations leading to the inability to detect small shallowly buried
targets completely. Due to this limitation on metal detector use for detection of these types of
targets, including landmines and unexploded ordnance, significant effort has been expended
to improve the knowledge of magnetic soils. Takahashi et. al. [99] have discussed the effects
of magnetic viscosity on sensor performance and shown that more detailed knowledge of the
soil electromagnetic properties is necessary to better quantify sensor performance. This leads
to the claim that we must have soils at our test sites that exhibit the difficult conditions of
the field so that we can both test instrumentation and train the instrument operators.
The work by the British Geological Survey demonstrated that it is possible to make a
soil analogue that exhibited high values of magnetic susceptibility by mixing commercially
available magnetite with a locally available soil. This work did not progress to the next step
which is to determine if it is possible to create a magnetically viscous soil analogue which is
the more difficult problem for metal detector performance.
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1.5 Summary of thesis research
In this thesis I will perform work in three separate but related areas that all involve
frequency dependent electromagnetic soil properties. The first component will demonstrate
the ability of a coaxial permittivity probe to measure the frequency dependent relative
permittivity of soils and use that data to predict the velocity and attenuation of GPR.
The second component is to demonstrate the effect of magnetic soils on an open ended
coaxial permittivity probe similar to that used in the first portion. The final portion will be
to create a synthetic magnetically viscous soil from commercially available magnetite that
contains a significant portion of ultrafine particles that exhibit magnetic viscosity. I will
then characterize the electromagnetic properties of the synthetic soil and compare it with
samples collected at several sites with known magnetically viscous soils.
1.5.1 Prediction of Ground Penetrating Radar Performance
In this thesis I will demonstrate the ability of a prototype coaxial probe to accurately
predict GPR velocities and attenuations. A prototype coaxial probe has been developed
that can be inserted into shallow boreholes up to 2m in depth allowing the measurement of
complex permittivity with a portable vector network analyzer. The complex permittivity
data is used to calculate the velocity and attenuation of a GPR instrument as a function
of frequency. I will then compare the results of the coaxial probe measurements with those
from surveys performed with a GPR.
Measurements will be performed in two settings, a controlled laboratory experiment and
a field demonstration. In the laboratory sandboxes have been constructed that allow creating
synthetic soil distributions that can be saturated and dried to allow a range of electromag-
netic properties as the complex permittivity and electrical conductivity are proportional to
the water content of soils. One sandbox contains two types of readily available sand while
the second sandbox is a water filled tank where the conductivity of the water is changed
by adding salt. For the sandboxes a common offset and common midpoint GPR survey is
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conducted over each material with co-located measurements made with the prototype per-
mittivity probe. The GPR surveys will be performed on the sand in the dry, saturated and
partially saturated condition. For the water filled tank the measurements will be initially
made with tap water and then salt will be added in uniform amounts until the water is
supersaturated with salt. The permittivity probe measurements will be performed each time
additional salt is added, while GPR measurements will be performed at the beginning, end
and several intermediate conductivity levels. For the field site, the GPR surveys and permit-
tivity probe measurements are co-located. A local site has been selected and metal detector
surveys have been performed to ensure that the GPR and permittivity probe measurements
are made in a location free of metallic contamination. This will demonstrate the capability
of the permittivity probe in several environments and show that it can be used to predict
GPR performance.
1.5.2 Impact of Magnetic Soils on Coaxial Probe Measurements
In this section of this thesis I will demonstrate the impact of magnetic soils on measure-
ment of complex permittivity with a coaxial probe. This methodology will include measuring
the complex electromagnetic properties of real soils and laboratory created soil simulants over
two frequency ranges. The lower frequency range will span approximately 100 Hz to 2 MHz
which is the frequency range over which electromagnetic induction (EMI) metal detectors
function. The upper frequency range will span approximately 10 MHz to 10 GHz which
is the frequency range over which coaxial probe sensors are operated to include all normal
ground penetrating radar instruments.
Laboratory grade magnetite powder will be mixed with silica flour to create simulated
magnetic soils in ratios from 0% magnetite with 100% silica flour up to 100% magnetite
with 0% silica flour by weight. The magnetic and electrical properties will be measured for
both the simulants as well as some existing soil samples that have been collected at sites
of interest. Over the high frequency band the open ended coaxial probe data will show
increases in permittivity that are actually due to the addition of the magnetite and not the
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permittivity of the sand. The same samples will be measured in a coaxial airline fixture
which will allow the simultaneous measurement of both the relative permittivity and the
relative permeability so that the actual permittivity values can be recovered. This will show
what the actual effect of magnetic soils is on open ended coxial probe measurements.
1.5.3 Creation of a Magnetically Viscous Soil Analogue
In this section of this thesis I will create synthetic magnetically viscous soil analogues and
demonstrate that their electromagnetic properties are similar enough to actual magnetically
viscous soils to be used in training lanes. The section explains the process developed to select
commercially available magnetically viscous materials based on the theoretical magnetic
response as a function of grain size. I will characterize the electromagnetic properties of the
selected commercially available materials in the laboratory and compare them with some
real soils collected at several sites of interest to demonstrate the comparable properties. The
electromagnetic properties will be characterized over a frequency range of approximately 20
Hz to 8.5 GHz using several laboratory methods.
A synthetic magnetically viscous soil will be created by mixing the commercially available
magnetite with silica flour in four ratios to match the four levels of magnetic viscosity
identified as detriments to metal detector performance. The resultant mixtures will be
analyzed and compared to actual magnetically viscous soils. The applicability of this method
will be discussed in context of the end goal of creating sythetic magnetically viscous soils for
use in training lanes for mine detectors. The economic limitations of the costs of creating
soils versus importing them will be discussed.
1.5.4 Connecting the Thesis Sections Together
The separate chapters of this thesis may appear to be disconnected but the topics are
interrelated. A flow chart can be seen in Figure 1.2 that outlines how the topics presented
in this thesis are related. This thesis seeks to characterize sensor performance in different
geological environments over a wide frequency range. This thesis will demonstrate in-situ
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verification of remote sensed data. The focus is on small compact targets that may be metallic
(UXO) or non-metallic / very low metal content (landmines or improvised explosive devices).
Most efforts prior to this work have focused on laboratory methods for soil characterization,
not in-situ methods. This thesis seeks to bridge the gap between instrument designers,
geophysicists, soil scientist, and non-expert users.
Introduction (Ch. 1)
Framework & Notation (Ch. 2)
Lab & field measurements, development
of instrument & procedure (Ch. 3 & 4)
In-situ (Ch. 4 & 5) Laboratory (Ch. 5 & 6)
Transition to effects on
field sensor (Ch. 4 - 6)
Conclusions (Ch. 7)




All materials in nature interact with electromagnetic fields. This chapter will review the
basics of electromagnetic theory that are applicable to measurements on soils. The discussion
will begin with Maxwell’s equations, then the constitutive equations, followed by discussion
of each of the electromagnetic properties. The frequency dependence of each property will
be discussed in the context of the types of measurements used in this thesis. Finally, there
will be a review of the terminology differences between different fields of study that overlap
with these types of measurements.
The best starting references for measurements of complex electromagnetic properties of
materials in the laboratory are two books authored by Dr. Arthur von Hipple of the Mas-
sachusetts Institute of Technology (MIT) Insulation Laboratory, “Dielectrics and Waves,”
and “Dielectric Materials and Applications.” Most current work in dielectric spectroscopy
is building on these two seminal books. The most comprehensive recent book that covers
laboratory measurements of soils is “Soils and Waves” [90].
2.1 Electromagnetic Theory
James Clerk Maxwell combined all of the previous work done in the field of electro-
magnetic theory into four foundational equations that govern all of electromagnetic theory,
publishing his equations between 1864 and 1865. Maxwell’s equations are comprised of two
types of electric field: an electrostatic field produced by an electric charge and an induced
field produced by a changing magnetic field [43].
2.1.1 Maxwell’s Equations
The electromagnetic properties of materials are governed by Maxwell’s equations [43,
45, 54, 56]. Maxwell’s equations are comprised of Gauss’ Law of electricity, Gauss’ Law of
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magnetism, Faraday’s Law of induction and the Ampere-Maxwell Law. Maxwell’s equations
quantitatively describe spatially and temporally varying coupled electric and magnetic fields
and their relationships.
Gauss’ Law for electricity deals with the electrostatic field, which relates the spatial
behavior of the electrostatic field to the charge distribution that causes it.
r · ~D = ⇢free (2.1)
Gauss’ Law of magnetism is similar to Gauss’ Law for electricity but the primary differ-
ence is that positive and negative charges can be separated while opposite magnetic poles
always occur in pairs.
r · ~B = 0 (2.2)
Faraday’s Law for induction demonstrates that an electric current can be induced in a
loop by a changing magnetic field. This means that if the magnetic flux through a surface
changes, then an electric field is induced along the boundary of the surface.




Ampere-Maxwell Law demonstrates that a changing flux density or an electric current





Where E is the electric field intensity (in volts per meter); D is the electric flux density (in
coulombs per meter squared); H is the magnetic field intensity (in Tesla); B is the magnetic
induction (in amperes per meter); J is the current density (in amperes per meter squared);
⇢ is the volumetric free-charge density (in coulombs per meter cubed); r is the del vector
operator; ⇥ is the vector cross product; and · is the vector dot product. The subscript “free,”
indicates free charges and does not include bound charges.
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2.1.2 Constitutive Relationships
The constitutive relationships introduce the material properties of permittivity ("), mag-
netic permeability (µ) and electrical conductivity (σ).
The electric displacement field ( ~D) is related to the the electric field ( ~E) by the pro-
portionality constant ", which is the permittivity. The displacement field ~D is measured
in units of coulombs per square meter ( C
m2
), while the electric field ~E is measured in volts
per meter ( V
m
). ~D and ~E describe the interaction between charged objects. ~D is related
to the charge densities associated with this interaction, while ~E is related to the forces and
potential differences.
~D = " ~E (2.5)
~J = σ ~E (2.6)
~B = µ ~H (2.7)
The material properties of permittivity ("), magnetic permeability (µ) and electrical
conductivity (σ) describe how electromagnetic energy is stored or lost through interactions
with the material being measured. The responses are frequency dependent and should be
thought of as the material properties at zero frequency direct current (DC) or alternating
current (AC). The theoretical properties are not the same as the effective properties, which
can be measured in the laboratory or the field.
2.2 Electromagnetic Properties
The electromagnetic properties of a medium, in this case soil, are the permittivity ("),
magnetic permeability (µ), and electrical conductivity (σ). The speed of light in a vacuum
and the magnetic permeability of free space are defined explicitly in SI, leaving the value of "0
to be defined by the relationship between the three values. The electromagnetic properties of
a medium describe mechanisms for both energy storage and loss. For both permittivity and
permeability, the real components are denoted with a single prime (0) and represent storage
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mechanisms, while the imaginary components are denoted with a double prime (00) and
represent loss components. The storage component indicates that energy can be exchanged
between the field and the material in a bi-directional (lossless) manner. The loss component
indicates that energy is permanently lost from the field and absorbed in the material (usually
as heat) [2].
2.2.1 Permittivity
Permittivity is a measure of the resistance that is encountered when forming an elec-
tromagnetic field in a medium. The permittivity of a medium describes how much electric
field (more correctly, flux) is “generated” per unit charge in that medium. In SI units the
permittivity is measured in units of Farads per meter ( F
m
).
• " is complex permittivity
• "0 = 8.854⇥ 10
−12 F/m is the permittivity of free space
• "r is relative complex permittivity
• "0r is the real part of the relative complex permittivity
• "00r is the imaginary part of the relative complex permittivity
• tan δe is the dielectric loss tangent
• δe is the dielectric loss angle
The relationship between the relative permittivity, the absolute permittivity and the





A material is classified as a dielectric if it has the ability to store energy when an external
electric field is applied (Agilent, 2012). To discuss permittivity, it is best to start with the
simplest method that can be used to measure it. The parallel plate capacitor is a simple
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fixture that involves two parallel metal plates of known area separated by a known distance
with a dielectric between them. It can operate with either a direct current (DC) applied
across the plates or an alternating current (AC) applied across the plates. If a DC voltage
is applied across the plates then more charge is stored when the dielectric material between
the plates is not a vacuum. The dielectric material increases the storage capacity of the
capacitor by neutralizing charges at the electrodes which ordinarily would contribute to the
external electromagnetic field. The capacitance of the fixture is related to the permittivity
of the material [2].
Materials are often classified by their loss mechanisms (i.e. high loss materials or low loss
materials) and there are two way to refer to the permittivity loss. The imaginary component
of the permittivity ("00r) is often referred to as the loss while the ratio of the imaginary
component of the permittivity over the real component of the permittivity is referred to
as the loss tangent. Low-loss materials have very small values of tan δe whereas high-loss
materials have high values of tan δe. Earth materials are easily distinguished by the water
content, with increasing water content leading to increased loss tangent. At low frequencies
the electrical conductivity contributes to the measured imaginary permittivity, while at high
frequencies the imaginary permittivity increases with frequency of measurement. Since water
has both a high real component of permittivity and is also a high loss material, water content
is the most important factor in dielectric spectroscopy of earth materials. Table 2.1 classifies












in terms of a ”dielectric conductivity” σ (units S/m, siemens per meter), which ”sums over
all the dissipative effects of the material; it may represent an actual [electrical] conductivity
caused by migrating charge carriers and it may also refer to an energy loss associated with
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Table 2.1: Classification of loss tangents.
"00/"0 Current conduction Field propagation
0 perfect dielectric,
lossless medium
⌧1 low-conductivity material: low-loss medium,
poor conductor good dielectric
⇡1 lossy conducting material lossy propagation medium
'1 high-conductivity material: high-loss medium,
good conductor poor dielectric
1 perfect conductor
the dispersion of "0 (the real-valued permittivity) [19].”
σ = !"00 (2.11)
2.2.2 Electrical Conductivity
A material in which electrons can flow is considered a conductor, where electrical con-
ductivity is a measure of how easily electrons can flow through the material. The inverse of
conductivity is resistance, which is the resistance to the movement of electrons. Resistance
in a material is caused by electrons colliding with the lattice structure of the material, which
causes the electrical energy to be converted to heat. The electrical conductivity of a material
is often considered independent of frequency, real valued and related only to the ionic con-
ductivity of fluids or the surface charge conductivity of clay minerals. With the exception of
a superconductor, as electrons travel through a material a significant portion of the electrons
collide with the lattice, are converted to heat through the process of Joule heating and lost.
The relationship between voltage (V), current (I), and resistance (R) is known as Ohm’s
law.
V = I ·R (2.12)
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In petrophysics, Archie’s law relates the in-situ electrical conductivity of a sedimentary






Here, φ, denotes the porosity, Ct the electrical conductivity of the fluid saturated rock,
Cw represents the electrical conductivity of the brine, Sw is the brine saturation, m is the
cementation exponent of the rock (usually in the range 1.8 - 2.0 for sandstones), n is the
saturation exponent (usually close to 2) and a is the tortuosity factor. Archie’s Law requires
that the matrix be non-conductive: if the matrix contains clays then the Waxman-Smits
relationship must be used. Archie’s Law can be represented as either a conductivity or a
resistivity.
For a direct current (DC) system the resistance is real valued, but when an alternating
current (AC) is used the resistance is the real part of the impedance (Z) while the imaginary
part is a combination of permittivity and permeability called the reactance. The term
impedance was coined by Oliver Heaviside in 1886 ([48]). The magnitude of the impedance
is the ratio of the voltage (V) to the current (I), while the phase is the phase shift by which
the current lags the voltage.
The conductivity of a material at high frequencies is typically calculated as a function
of the frequency and the imaginary component of the permittivity. The high frequency
conductivity does not include the DC conductivity components.
σ = !"00r"0 (2.14)
where ! = 2⇡f , and f is the frequency in Hertz.
2.2.3 Magnetic Permeability
The magnetic permeability (µ) describes the interaction of a material with a magnetic
field. The simplest method to measure the permeability is an wire loop, also known as an
inductor. The inductance of the loop (L) is defined as the inductance of free space (L0) times
36
the magnetic permeability (µ) of the material in the loop. Excellent reviews of magnetic
properties can be found in ([33, 39, 72, 101]).
The magnetic permeability of a material is typically presented as the relative permeabil-
ity and is a complex property with a real component (µ
0
r) that represents energy storage and
an imaginary component (µ
00
r ) that represents the energy loss term. Many earth materials
are considered non-magnetic with real relative permeabilities almost equal to 1, while typi-
cally only earth materials containing magnetite, maghematite, hematite or geothite exhibit
significant magnetic properties.
The magnetic permeability of a material is the ratio of the the magnetic induction ( ~B)











The magnetic permeability of a material is a complex value.
µ = µ0 − iµ00. (2.17)






The magnetic susceptibility is the magnetic permeability minus one. At low frequencies
the magnetic properties of a material are typically presented as
χm = µr − 1. (2.19)
χm, a dimensionless quantity, is sometimes called volumetric or bulk susceptibility, to
distinguish it from κ (magnetic mass or specific susceptibility) and χM (molar or molar
37
mass susceptibility). Most magnetic property measurements are made by earth scientists at
lower frequencies and use magnetic susceptibility. High-frequency magnetic measurements
are more often made by electrical engineers and with use magnetic permeability.
The magnetic properties used here are:
• µ is complex permeability
• µ0 = 4π ⇥ 10
−7 H/m is the permeability of free space
• µr is relative complex permeability
• µ0r is the real part of the relative complex permeability
• µ00r is the imaginary part of the relative complex permeability
• tan δm is the magnetic loss tangent
• δm is the magnetic loss angle
2.3 Magnetic properties of materials
The magnetic properties of materials can be divided into categories based on the source
of the magnetic response. There are five types of magnetic behavior: ferromagnetism, ferri-
magnetism, canted antiferromagnetism, paramagnetism, and diamagnetism [33]. Ferromag-
netism is the most strongly magnetic, applying to materials such as pure iron. The magnetic
moments are highly ordered and in the same direction. These materials exhibit very high
magnetic permeabilities or susceptibilities, but rarely exist in pure form in nature. Ferri-
magnetism is the most important kind of magnetism for soils and rocks, where the magnetic
moments are strongly aligned but exist as two sets of opposing but unequal forces controlled
by the crystal lattice structure of the minerals. Magnetite is a ferrimagnetic mineral and
contributes to the high magnetic susceptibilities exhibited by many soils. Hematite is an
example of a canted antiferromagnetic mineral where there are two aligned but opposed
magnetic moments that almost completely cancel each other out. Hematite is responsible
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for the red coloring of many rocks and soils. All metals and mineral in these three magnetic
groups can remain magnetized in the absence of an external magnetic field, and can also be
identified using magnetic remanence measurement methods [33].
Paramagnetism is a form of magnetism that occurs only in the presence of an externally
applied magnetic field. Paramagnetic materials are attracted to magnetic fields, hence have
a relative magnetic permeability greater than one (or, equivalently, a positive magnetic
susceptibility). The magnetic moment induced by the applied field is linear in the field
strength and rather weak. It typically requires a sensitive analytical balance to detect the
effect. Unlike ferromagnets, paramagnets do not retain any magnetization in the absence
of an externally applied magnetic field because thermal motion causes the electron spins to
become randomly oriented without it. Thus, the total magnetization will drop to zero when
the applied field is removed. Even in the presence of a magnetic field, there is only a small
induced magnetization because only a small fraction of the spins will be oriented by the field.
This fraction is proportional to the field strength and explains the linear dependency [39].
Diamagnetism is the property of an object which causes it to create a magnetic field in
opposition to an externally applied magnetic field, thus causing a repulsive effect. Specifi-
cally, an external magnetic field alters the orbital velocity of electrons around their nuclei,
thus changing the magnetic dipole moment in the direction opposing the external field. Dia-
magnets are materials with a magnetic permeability less than µ0 (a relative permeability
less than 1) or a negative magnetic susceptibility. Consequently, diamagnetism is a form of
magnetism that a substance exhibits only in the presence of an externally applied magnetic
field [39]. It is generally a weak effect in most materials, although superconductors exhibit
a strong effect. All materials are diamagnetic, although the magnitude of the diamagnetic
response is so small relative to the other categories that it is only evident in materials that
exhibit none of the other categories, such as water.
Magnetic materials exhibit a memory if exposed to high fields, as demonstrated by a
hysteresis curve which plots magnetic induction (B) to the magnetic field intensity (H). Only
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ferromagnetic or ferrimagnetic materials can exhibit hysteresis, diamagnetic or paramagnetic
materials cannot because of a lack of permanent magnetic moments with strong magnetic
effects. To avoid the memory effect, all measurement methods used in this thesis were
performed in the low field region where the response is reversible.
Table 2.2 shows the categories of magnetism with descriptions of each type. The five
categories are described by their polarity and strength of the magnetic susceptibility.
Table 2.2: Table of magnetic susceptibilities by type of magnetism after Dearing [33].
Ferromagnetic Strong positive susceptibility
e.g. pure iron, nickel, chromium
Ferrimagnetic Strong positive susceptibility
Iron oxides & sulphides: magnetite, maghemite, greigite
Canted antiferromagnetic Moderate positive susceptibility
Iron oxides: hematite, geothite
Paramagnetic Weak positive susceptibility
Fe-containing minerals, salts
Diamagnetic Weak negative susceptibility
water, organic matter, plastics, quartz
Ferrimagnetic materials are divided into different regions or cells of magnetization, known
as domains [33].There are four categories of domains depending on the grain size: multido-
main (MD), single domain (SD), pseudo-single domain (PSD), and superparamagnetic (SP).
Multidomain grains have diameters larger than ⇡ 110µm. Magnetite grains have more than
one domain due to energy requirements. Single domain grains have a much smaller grain
size, < 0.2µm, which allows only one domain to form. Pseudo-single domain grains are in
the size range of 0.2− 111µm, large enough to have more than one domain but the proper-
ties are more similar to single domain. Superparamagnetic behaviour is exhibited by grains
smaller than 0.03µm, which are technically single domain but have unique magnetic prop-
erties because of the thermal energies counteracting the induced magnetization very quickly
after removal of a magnetic field.
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2.4 Frequency Dependence of Electromagnetic Properties
All materials have complex, frequency-dependent electromagnetic properties [44], al-
though in some materials this is a second order effect. The relative magnitude of the
frequency dependence can be significant. The complex, frequency-dependent complex prop-














No real materials are purely resistive, capacitive or inductive [44], so the measured prop-
erties are effective properties that combine both the resistive and reactive (inductive and
capacitive) properties if measured at a frequency other than DC. The frequency-dependent
properties of materials are represented by the idealized complex, frequency-dependent spec-
tra presented in Figure 2.1. These spectra are from Figures 11.11 and 11.4 in the book Soils
& Waves [90], but appear in numerous books and webpages without an attribution to the
original source. Revil [87] attributes this figure to Poley et. al [85].
Figure 2.1 demonstrates the multiple relaxation and resonance phenomena that occur in
the dielectric permittivity and magnetic permeability responses as a function of frequency.
Dielectric permittivity can exhibit two relaxations and two resonances: ionic relaxations can
occur in the kHz frequency range, while dipolar relaxations occur in the low GHz frequency
range; atomic resonance occurs at approximately 1012 Hz while electronic resonances occurs
at approximately 1015 Hz. The polarization mechanisms seen in Figure 2.1 are explained in
more detail in Table 2.3.
Magnetic permeability displays one resonance in the kHz frequency range and one reso-
nance in the low GHz frequency range [77]. The permeability of all materials should approach




Figure 2.1: Plot of idealized complex dielectric permittivity spectrum and idealized complex
magnetic permeability spectrum as seen in ”Soils and Waves”, [90]. The permittivity plot
shows two relaxation mechanisms and two resonance mechanisms, while the permeability
plot shows one relaxation mechanism and one resonance mechanism.
laxation mechanisms that are summarized in Table Table 2.4. The frequency dependence of
magnetic permeability or susceptibility in the kHz frequency range is caused by superpara-
magnetic grains smaller than ⇡ 0.03µm which show a rapid change over time [33]. When
these superparamagnetic materials are placed in a magnetic field and then removed, they lose
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Table 2.3: Table of dielectric permittivity polarization mechanisms after Stillman [95] and
Olhoeft [77].
Type Frequency (Hz) Description
Interfacial < 109 Charges accumulate at boundaries of the electrical
polarization properties at all scales of the material in response
to an external electric field. This mechanism occurs
in every material.
Orientation < 1012 A polar molecule rotates (without shape distortion)
polarization to align its internal electric dipole to oppose an
external electric field. This mechanism is responsible
for the large dielectric permittivity of water.
Ionic < 1014 Cations and anions are displaced from an equilibrium
polarization position in different directions in response to an
external electric field.
Molecular < 1014 Molecules are distorted in response to an external
polarization electric field.
Electronic < 1024 The electron cloud of a nucleus is distorted in
polarization response to an external electric field. This mechanism
occurs in every material and is density dependent.
their induced magnetization quickly. The natural thermal energy in the ultrafine crystals is
strong enough overcome the induced magnetic field.
The most common method to measure frequency dependence of magnetic susceptibility
is the Bartington MS2 instrument combined with the Bartington laboratory B sensor, which
can measure the magnetic susceptibility of samples at two frequencies one decade apart.
The operating frequency of this sensor is in the high Hz to low kHz range so that the two
measurements should both be on the linear downward slope of the magnetic relaxation see
in Figure Figure 2.1. The frequency dependence is expressed either as a percent difference
between the low and high frequency volumetric susceptibility measurements or as a differ-
ence between the low and high frequency mass susceptibility measurements. There are other
instruments that can measure the frequency dependent magnetic susceptibility over a wide
frequency range and they will be discussed in later chapters. Maher [67, 68] and Eyre [42]
demonstrated that the maximum frequency dependence of magnetic susceptibility should
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Table 2.4: Table of magnetic relaxation mechanisms after Stillman [95].
Type of Mechanism Type of Magnetism Description
The ability of the spin magnetic
Spin-Spin All dipole moment to align with an
external magnetic field
The ability of the orbital magnetic
Spin-Lattice All dipole moment to align with an external
magnetic field.
The ability of the domain wall to move
Domain Wall Displacement Ferro-, Ferri- to enlarge the domains that are aligned
with an external magnetic field.
The ability of the domain to rotate the
Domain Rotation Ferro-, Ferri- magnetization of the domain to become
aligned with an external magnetic field.
The ability of the domain to rotate the
Detrital Rotation Ferro-, Ferri- orientation of the grain to become
aligned with an external magnetic field
exist for grain sizes between 15 and 20 nm with a percent frequency dependence of approxi-
mately 15%. An exception to this to this is given by Worm and Jackson [114] and Jackson et
al [55] who demonstrate percent frequency dependence values of over 30% on select samples
from the Tiva Canyon Tuff.
The locations of the permittivity and permeability relaxations in frequency are a func-
tion of both temperature and pressure [95]. As temperatures decrease the relaxations and
resonances will shift lower in frequency.
To model the relaxations and resonances empirical models such as the Cole-Cole model
[22] and the Debye [34] model are used. The Cole-Cole Model is the most commonly used
model to fit permittivity and permeability data, although most publications are only fitting
a single relaxation over a limited frequency range. The Cole-Cole Model can be modified to
include multiple relaxations. An excellent review of all of the electromagnetic mixing models
that can be used to analyze complex frequency-dependent electromagnetic data can be found
in Sihvola [94]. In impedance spectroscopy mixed circuit models are commonly used to fit
relaxation mechanisms.
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2.5 Terminology Usage in Different Disciplines
The measurement of electromagnetic properties is performed in several different disci-
plines and the terminology used within each sometimes varies because of convention, applica-
tion, or the relative magnitude of the physical property in the portion of the electromagnetic
spectrum being investigated. As discussed previously all of the electromagnetic properties
are complex and frequency dependent. Different disciplines may measure and present mea-
surement results as combinations of real and imaginary components, real component and
loss tangent, inphase and quadrature components, or magnitude and phase components of a
physical property. Occasionally the method of displaying the properties is not immediately
obvious. One issue with presenting frequency dependent properties is due to the fact that
the values are quite often presented as figures instead of tables is the choice of linear or log
values of the property for both the x-axis and y-axis of plots. Quite often even within the
same discipline there is lack of consistency with the presentation of the physical properties.
The most difficult terminology issue I have found is the switching between complex
resistivity, or complex conductivity, and complex impedance. To better understand these
issues one must realize that the physical properties either describe energy storage or loss. For
example when discussing complex resistivity the real component of resistivity or conductivity
is describing a loss mechanism due to ionic conduction, while the imaginary component is
describing a storage component. When discussing complex impedance the real component is
the storage mechanism, either permittivity or permeability, while the imaginary component
describes the loss mechanism.
There also is confusion in terminology because any measured property also contains
parasitic components. A length of wire can be thought of as being either conductive or
resistive, but the measured resistivity also contains a capacitive or inductive component
depending on the surrounding environment and how the wire is connected to a measurement
device.
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One phrase that can be confusing is dielectric conductivity, which it only mentioned
in two textbooks [19, 109] but not well defined. This concept is difficult because of the
effect of conductivity on complex permittivity. Many texts treat conductivity as only a
DC phenomenon, which others discuss complex conductivity or complex resistivity. The
terminology mixing between permittivity and conductivity can lead to confusion on what
physical property the author specifically discussing.
Most geologists and geophysicists who work with magnetic surveys represent the mag-
netic properties of earth materials as magnetic susceptibility, while electrical engineers and
geophysicists who utilize ground penetrating radar represent the magnetic properties of a
material as magnetic permeability. This is because the magnetic susceptibility of materials
at low frequencies is important to the magnetic behavior of the material, while at high fre-
quencies the magnetic properties rarely are much different from those of free space and are
routinely assumed to be the same.
For this thesis the material properties will be the real and imaginary components of
the permittivity and permeability, and the real conductivity for radar frequencies. For low
frequencies I will use the real and imaginary components of the permittivity and magnetic
susceptiblity, and the real conductivity. If any magnetic data is shown over the entire
frequency range it will be shown as magnetic susceptiblity.
2.6 Material Properties Summary
The foundations of electromagnetic theory and the physical properties of materials are
well developed. In terms of this thesis, the important issue is to ensure that the property
being discussed is properly identified and that the limits of our ability to measure a property
are understood. The measured properties, both in the field and in the laboratory are usually
apparent values, not the true values as the properties of the material and of the measurement




This chapter will cover the range of measurement methodologies applicable to the mea-
surements performed in this dissertation. As this work focuses on wideband measurement of
complex electromagnetic properties, there are methods that may be mentioned only briefly
and some may be left out completely. The main focus will be on those techniques and instru-
ments directly used in this dissertation while connecting those techniques and instruments
to the most commonly used for each type of measurement. Many of these instruments are
proprietary and will be referred to by their manufacturer or model name. The use of these
brand names does not imply endorsement by myself or my employer, the U.S. Army Engineer
Research & Development Center.
The best starting references for measurements of complex electromagnetic properties of
materials in the laboratory were two books authored by Dr. Arthur von Hipple of the Mas-
sachusetts Institute of Technology (MIT) Insulation Laboratory, Dielectrics and Waves and
Dielectric Materials and Applications [109, 110]. Most current work in dielectric spectroscopy
is building on these two seminal books. The most comprehensive recent book that covers
geophysical measurement of soils is Soils and Waves.
The question to start with is why should we make measurements of the electromagnetic
properties of materials. The methods described here apply to many fields beyond geophysics
and are truly multidisciplinary. As this dissertation deals specifically with soils, each soil
has a unique set of electromagnetic properties which are a function of the parent material,
the soil mineralogy, the soil moisture content, the density, and the history of the soil (both
recent and very long term). The knowledge of the electromagnetic properties of soils can be
used to identify contamination, determine water content, and predict how other geophysical
methods will work at a particular site.
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Many of the methods used in this dissertation were developed for use in electrical engi-
neering, specifically microwave engineering, for characterization of radar absorbing “stealth”
materials. The traditional applications include: the electronics industry, microwave industry
for printed circuit boards, the communications industry, and aerospace and defense industries
for absorbing materials. Some non-traditional applications of these types of measurements
include the chemical industry to characterize plastics, the ceramics industry to character-
ize adhesive, and the composite materials industries to characterize polymers, paints, films,
semiconductors, and superconductors. There are also non-traditional, but not technical in-
dustries interested in the electromagnetic properties of materials: the food and packaging
industries are interested in the properties of the food and the packing materials; the forestry
industry is interested in the properties of wood, paper and fiber; the rubber industry is
interested in the properties of rubber; the concrete and cement industries are interested in
the properties of concrete and cement, the biology and medical industries are interested in
the properties of the materials used to construct the instruments and the properties of the
subject; and the drug industry is interested in the properties of the drugs.
The electronics industry must characterize the electromagnetic properties of their com-
ponents (resistors, capacitors, inductors) as their electromagnetic properties are frequency
dependent. A 1 ohm resistor may behave as an ideal resistor at low frequencies (Hz to kHz)
but the capacitance and inductance of the component may become much more important
at high frequencies. Many component companies spent a significant amount of time and
money empirically characterizing their components as their practical performance may vary
significantly from their theoretical performance. This issue has become more important as
the size of electrical components shrink. Many applications exist due to the use of microwave
heating for cooking, sintering, annealing and microwave soil moisture measurements. The
response of the material under test must be characterized to optimize the heating. Because
these need exist in the electronics, the instruments designed for these measurements can be
used for the measurement of the electromagnetic properties of soils. These electronic test
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and measurement instruments usually only require a custom built fixture to hold the soil
samples.
The measurement methodologies in this chapter will be divided into low frequency and
high frequency with the arbitrary cutoff being approximately at 1 MHz. The low-frequency
measurement methodologies may be able to exceed 1 MHz and the high-frequency methods
may be able to go below 1 MHz but is an approximate transition frequency from electro-
magnetic induction based methods to wave based methods.
3.1 Laboratory Measurements
Laboratory methods for the measurement of the electromagnetic properties of earth ma-
terials allow the operator to control all of the conditions of measurement. These conditions
include frequency range, temperature, pressure, and moisture content. Laboratory measure-
ments can typically be divided into two types of instrument, the first is a general purpose
instrument and the second is a specialized instrument. The general purpose instruments are
typically combined with a measurement fixture and control software to perform the specific
measurement of interest.
3.1.1 Measurement of Permittivity
The selection of an appropriate instrument and fixture is driven by a number of factors.
The first and most often overlooked reason is immediate availability of an instrument or
fixture. If a measurement is required and the need is time sensitive, often the most available
option is selected over a more technically superior method. The selection of the “best”
measurement instrumentation and fixture is driven by a number of factors: the required
frequency range of measurement; the required temperature of measurement; the dimensions
of the sample; the phase of the sample (solid, liquid, or gas); the ease of machining the
sample; the amount of sample available; the expected magnitude of the physical property to
be measured (very high or very low); the range of the physical property to be measured.
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The standard method for measuring dielectric permittivity is the parallel plate capacitor.
At zero frequency, there is no phase information so the measured capacitance and calculated
dielectric permittivity is a real number. The parallel plate capacitor is simply two parallel
metal plates of known area separated by a known distance. When air is the dielectric the
calculated permittivity is the permittivity of free space. When a dielectric material other
than air is placed in the fixture the fixture can store more energy in the electric field and
the relative permittivity calculated from the measured capacitance is now greater than one.
The capacitance of the fixture is area (A) of the capacitor divided by the thickness (tc).
C0 = A/tc (3.1)
The capacitance of the cell is the capacitance of the cell when filled with air (C0) times
the dielectric permittivity ε
0
.
C = C0 ⇤ ε
0
(3.2)
The permittivity of the material can then be calculated from the ratio of the measured




If an AC sinusoidal voltage source is place across the same capacitor, the resulting current
will be made up of a charging current and a loss current that are related to the real and
imaginary dialectic permittivity. The complex dielectric permittivity can be represented as
a real part (ε
0
) which represents the storage and an imaginary part (ε
0
) which represents the
loss. The dielectric permittivity can be represented in two different but identical notations
to represent this complex property.
κ = κ⇤ = ε = ε⇤ (3.4)
The terminology used to describe the permittivity of a material can vary depending on
the academic discipline: permittivity; absolute permittivity; relative permittivity; dielectric
constant; loss tangent; and dissipation factor. It can be difficult to see what quantity is being
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represented as different authors are not always consistent with their naming and labeling
conventions. The permittivity of a material is a complex property. with the real component
(ε
0
r) representing a measure of how much energy from an external electric field is stored in
the material, which the imaginary component (ε
00







The loss tangent (tan(δ)) is the ratio of the imaginary component (ε
00
r ) of the permittivity
to the real component (ε
0
r) of the permittivity, it is also the ration of the energy lost per
cycle to the energy stored per cycle. The loss tangent (tan(δ)) is equal to the dissipation
factor (D) and is the reciprocal of the the quality factor (Q).
One assumption for a parallel plate capacitor cell is that the diameter of the plate is
larger than the plate separation, preferably much larger. This requirement is based on the
assumption that the electric field lines are all perpendicular to the surface of the plates and
the larger the separation relative to the diameter the less valid this assumption.The simple
parallel plate capacitor cell has a disadvantage in that the assumption that all of the electric
field lines are perpendicular to the plate face, what actually occurs is that the field lines at
the edges of the plate are curved and therefore if the sample is the same diameter as the
plate some field lines may pass around the edges of the sample leading to a lower measured
capacitance. The solution to this problem is the called a guard electrode where the lower
electrode is composed of an inner circular electrode with a ring electrode circling it. The
guard electrode is kept at ground and only the diameter of the inner electrode is used to
calculate the area of the plate. This method ensures that all of the electric field lines that
are used for the capacitance calculation are perpendicular to the plate surfaces. A sketch of
the electrode design can be seen in Figure 3.1.
The parallel plate capacitor cell used in this thesis is a Solartron Analytical 12962A
[96, 97] which has four electrode sets. Three of the electrode sets are for solid or thin film
materials, while one electrode set is designed for liquids and soils by having a Teflon cylinder
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Figure 3.1: Solartron Analytical 12962 parallel plate capacitor cell with guard electrode.
surrounding the lower electrode to allow filling the space between the electrodes with a liquid
or soil. The soil cell has a diameter of 20 mm with a plate separation range from 0.2 mm to
25.4mm. The 12962A fixture also has a Mitutoyo caliper on the top of the fixture to allow
accurate measurements of the plate separation. Prior to each measurement the caliper was
zeroed and then the torque adapter was used to ensure that the force on the sample was the
same for each measurement.
Advantages of the Low-Frequency Parallel Plate Method
• Relatively simple computation of εr from the capacitance and dissipation factor
• Inexpensive
• Works well for thin sheets, PC boards, films, etc...
• Accurate: typically ± 1% for εr, and 5% for tan δ
Disadvantages of the Low-Frequency Parallel Plate Method
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• Frequency limited to approximately 100 MHz
• To get best results must use a parallel plate capacitor with a guard ring to ensure that
the entire electric field passes through the sample and doesn’t fringe around the sample
through the air
• Can not measure µr, although the meter can be used with a coil instead of a plate for
µr measurements
The LCR meter (Inductance (L), Capacitance (C), and Resistance (R)) is a device com-
monly used to measure the inductance, resistance and capacitance of a component; from these
values the impedance at any frequency can be calculated. There are two essentially identi-
cal instruments used for these types of measurements, the LCR meter and the impedance
analyzer. The current versions of these instruments differ only in how the instrument is dis-
played and the connections on the front of the instrument, while the internal functionality is
identical. LCR meters are marketed to electrical component testing facilities and typically
have four BNC connectors on the front panel for high current, low current, high voltage and
low voltage as well as a text only display as seen in Figure 3.2 of the Agilent E4980A LCR
meter used for the low-frequency permittivity measurements in this thesis.
All AC LCR meters and impedance analyzers measure the magnitude and phase the
impedance. From these measured values and the geometry of the measurement fixture is is
possible to calculate the material properties. The measurements of the dielectric permittivity
and electrical conductivity presented in this thesis were controlled by a custom software
program written in National Instruments LabView programming language by Dr. Richard
Shelby of Focused Engineering Solutions. The software was designed to control three types of
experimental configuration: parallel plate capacitor measurements, four electrode resistivity
measurements, and two electrode resistivity measurements. The operator selected the start
and end frequencies, which for this work were always set to the minimum (20 Hz) and
maximum (2 MHz) frequencies that the E4980A was capable of producing. The operator
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Figure 3.2: Experimental configuration of low-frequency dielectric permittivity and electrical
conductivity measurement experimental setup used in this thesis. The setup consists of a
laptop computer, an Agilent E4980A LCR meter, and a Solartron Analytical 12962 parallel
plate capacitor cell.
54
could then select the number of measurement frequencies and their locations. The software
had the option of using a ASCII text file with a list of frequencies, or allowing the software
to select the individual frequencies after selecting either linear or log spacing. The software
also allowed the selection of the exact frequencies or rounding to even numbers (i.e. log
spacing with ten frequencies per decade at 1, 2, 3, ... 10). The operator then input the area
and plate separation of the measurement cell. The operator could then select the signal level
for the input signal (set to 2 V for all measurements used in this thesis) and the number
of averages (set to 8 for all measurements used in this thesis). A screenshot of the data
collection program written to control the E4980A LCR meter is seen in Figure 3.3. This
software allows for remote control of the E4980A instrument with three types of fixtures for
permittivity measurements, conductivity measurements and permeability measurements.
Figure 3.3: Screenshot of the Agilent E4980A data collection program written by Dr. Richard
Shelby used to control the measurement system for all low-frequency permittivity and con-
ductivity measurements.
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Low-frequency LCR meters and impedance analyzers are calibrated at the factory and do
not require calibration before each set of measurements. To ensure proper functionality each
instrument is returned to the factory each year for recalibration. Although these instruments
do not require calibration before each measurement, the measurements are more accurate if
corrections are applied. There are three types of correction that can be applied: an open, a
short and a load. The open and short calibrations are recommended for frequencies up to 20
MHz, while the load calibration can be added above 20 MHz. The Keysight 16048A cable
set was used to connect the Agilent E4980A to the Solartron 12962A. The 16048A cable
set has a predefined correction model in the firmware of the E49180A which can correct for
capacitive and inductive coupling in the cables after selecting the cable model and defining
its length in the firmware. The fixture and the cables were corrected prior to each set of
measurements.
To verify the correct functionality of the system the E4980A and the 16048A cables
were used to measure reference standards. The reference standards were two decade boxes
from IET Laboratories. A decade box is a general description of a box that contains either
resistors, capacitors or inductors where there are a serials of dials on the top of the box that
can be used to select a integer value from 0 to 10. Each dial is one decade higher or lower than
the one next to it. A capacitor decade box was used to test the capacitance measurements
of the E4980A and 16048A system over the entire range of values that the instrument could
measure. A resistor decade box was used to test the resistor measurements of the E4980A
and 16048A system over the entire range of values that the instrument could measure. In
addition to the decade boxes a number of plastic discs were machined from Teflon (PTFE),
Delrin, High Density Polyethylene (HDPE), Low Density Polyethylene (LDPE), Nylon and
Acrylic.
The plastic discs listed in Table Table 3.1 were machined in several sizes and shapes
so that they could be used for both low-frequency and high-frequency testing in several
measurement fixtures. The measurement of the complex permittivity of the plastic discs
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Table 3.1: Table of relative dielectric permittivities of plastic discs.
Material Permittivity
Acrylic 2.1 to 3.9
Delrin 2.9 to 3.7
HDPE 1.0 to 5.0
LDPE 2.3 to 2.9
Nylon 3.2 to 5.0
Teflon (PTFE) 2.1
from Table 3.1 can be seen in Figure 3.4.
Figure 3.4: Measurement of the permittivity of the plastic discs used for calibration checks
on the Agilent E4980A LCR meter with the Solartron 12962A parallel plate capacitor fixture.
As all of the plastics other than Teflon have wide ranges of properties, only Teflon was used
for regular calibration measurements.
3.1.2 Measurement of Electrical Conductivity
Measurement of electrical conductivity, or electrical resistivity, is most commonly per-
formed on soil and rock samples with a four electrode resistivity sample holder as seen in
Figure 3.5. The instrument displayed is an ABEM SAS 300 electrical resistivity meter con-
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nected to an MC Miller small soil box. These types of soil boxes are commonly used for DC
soil resistivity measurements, to simplify the measurement the geometric factor of soil box
is 1 so that the measured resistance leads to a calculated resistivity in Ohm-cm.
Figure 3.5: ABEM SAS 3000 electrical resistivity meter connected to an MC Miller small
soilbox for measurement of the DC resistivity of soil samples.
The MC Miller soil box can be used for AC resistivity measurements, but is not an ideal
sample holder due to ease of electrode polarization. The issue of electrode polarization is a
large area of research on its own and is outside the scope of this thesis. The MC Miller soil
box can also be used for permittivity measurements by connecting the LCR meter to only
the end electrodes, but this is a poor choice as the separation of the plates is significantly
larger than the diameter of the plate which violates one assumption of the parallel plate
method which is that the plate diameter must be larger than the plate separation. The MC
Miller soil box could be used with the LCR meter for 4 electrode measurements, but this
method is not ideal as the impedance between the channels on the LCR meter is not high
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enough to offset the contact resistance of each electrode [28].
All measurements of the electrical conductivity of soils in this thesis were performed
simultaneously with the dielectric permittivity measurements using the E4980A LCR meter
connected to the Solartron 12962A. This method is commonly used for soils and rocks where
polarization issues are not expected to be significant [60, 96, 97].
The low-frequency (1 Hz) measurement of the electrical resistivity of salt water was done
with both an Extech ExStik II multi parameter measurement instrument as seen in Figure
Figure 3.6, and also with a LandVisor LandMapper ERM-03 electrical resistivity meter as
seen in Figure Figure 3.7. The ExStik II is a type of handheld conductivity meter commonly
used, but it has an upper limit of 200 µS/cm which was exceeded for salt water. The ERM-03
was used for materials that were outside of the operating range of the ExStik. The ERM-
03 operates at low AC frequencies as it is much less expensive to build an AC resistivity
instrument than a true DC instrument.
3.1.3 Measurement of Magnetic Susceptibility
The magnetic permeability (µ) describes the interaction of a material with a magnetic
field. The simplest method to measure the permeability is an wire loop, also known as an
inductor. The inductance of the loop (L) is defined as the inductance of free space (L0)
times the magnetic permeability (µ) of the material in the loop.






The magnetic permeability of free space (µ0) is:
µ0 = 4π ⇥ 10
−7 = 1.2⇥ 10−10H/m (3.8)
The magnetic permeability of a material is typically presented as the relative permeabil-
ity and is a complex property with a real component (µ
0
r) that represents energy storage and
an imaginary component (µ
00
r ) that represents the energy loss term. Many earth materials
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Figure 3.6: Extech ExStik II multi parameter measurement instrument for measurement of
the electrical conductivity of liquids.
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Figure 3.7: LandVisor LandMapper ERM-02 electrical resistivity meter connected to an MC
Miller small soilbox for measurement of the low-frequency resistivity of soil samples.
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are considered non-magnetic with real relative permeabilities almost equal to 1, while typi-










For both permittivity and permeability the real components (denoted with a ’) represent
storage mechanisms while the imaginary components (denoted with a ”) represent loss com-
ponents. The storage component indicates that energy can be exchanged between the field
and the material in a bi-directional (lossless) manner. The loss component indicates that
energy is permanently lost form the field, and absorbed in the material (usually as heat) [2].
Due to discipline differences, magnetic property measurements at high frequencies typ-
ically measure magnetic permeability while at low frequencies measure magnetic suscepti-
bility. As described above the measurement of magnetic susceptibility can be done with a
simple wire loop connected to either an LCR Meter or an Impedance Analyzer. As discussed
in the chapter on material properties magnetic properties can range from diamagnetic to
ferrimagnetic which means from a relative magnetic permeability of just under 1 to as high
as 8. Due to this wide range of values it is difficult to design an instrument that is sensitive
enough to measure water, a readily available diamagnetic material, which has a very small
negative susceptibility and pure iron on the high end, which has a very high magnetic sus-
ceptibility. Cross [28] did extensive work on designing coils to use with impedance analyzers
to measure frequency dependent magnetic susceptibility. Another difficulty of coil design is
that a coil only has a useful frequency range of two to three decades, so a coil system that
would need to measure from Hz to MHz would require at least two separate coils to cover
the entire frequency range.
The most common and sensitive magnetic susceptibility meters function as resonant coils
[101]. In a resonant coil, the coil is driven at its resonant frequency, which is a function of
the dimensions and the number of turns of the wire, while empty. Then the sample is either
inserted in the center of the coil or the coil is placed against the sample depending on the
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deployment design and the coil is again driven at its resonant frequency by an oscillator.
The frequency of oscillation will be shifted depending on the magnetic susceptibility of the
material and the instrument can convert the frequency shift to the magnetic susceptibility.
Due most likely to availability and low cost, the Bartington Instruments series of magnetic
susceptibility sensors have become the standard for soil magnetism, archaeology, and rock
magnetism. This is most likely due to low cost, reliability and simplicity. The common usage
of the Bartington sensor has caused the standard presentation method of volume magnetic
susceptibility data to be in units of 10−5 SI units due to the MS2 instrumental limit of four
digits of display times the negative fifth power, with a digit for the sign of the susceptibility.
This requirement is no longer necessary as the Bartington MS3 instrument has replaced the
MS2 and is completely computer controlled. However, a significant number of legacy MS2
instruments will be in use for many years. The Bartington MS2B sensor and electronics can
be seen in Figure 3.8.
Measurement of the magnetic susceptibility of rock faces or loose soils can be done with
handheld magnetic susceptibility meters such as the ZH Instruments SM-30 as seen in Fig-
ure 3.9. The SM-30 was used to measure the magnetic susceptibility of soils in plastic bags
as they were received as well as for measurements in-situ.
3.1.4 Magnetic susceptibility and viscosity
There are several options now available for measuring magnetic susceptibility of materials
as a function of frequency. The worldwide standard for this is the Bartington Instruments B
sensor, in the past controlled by the MS2 electronics system which has been recently replaced
by the MS3 electronics system. The limitation of the Bartington B sensor is that it can only
operate at two frequencies separated by a decade in frequency (465 Hz and 4.65 kHz). The
Bartington B sensor is a resonant coil system that is quite accurate, to approximately 1⇥10−5
in dimensionless units. The B sensor has two coils inside as described by Tauxe [101]. The
next step in multi-frequency resonant coil systems is the ZH-Instruments SM-100 (500 Hz, 1,
2, 4, 8 kHz) and its twin the SM-105 (16, 32, 64, 128, 256, 512 kHz) [53, 76]. The SM-100 was
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Figure 3.8: Bartington Instruments MS2B magnetic susceptibility meter.
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Figure 3.9: ZHInstruments SM-30 handheld magnetic susceptibility meter.
originally designed in 2004 by Dr. Zdnek Hulka of ZH Instruments and after many discussions
I convinced him to make the modifications to include multiple frequencies and eventually
produce the SM-105. Figure 3.11 shows a plot of the magnitude of the volumetric magnetic
susceptibility of magnetite, volcanic ash from Hawaii, soils from Waikoloa, Hawaii, Yucca
Mountain, NV, hematite, and a generic beach sand measured with the ZH Instruments SM-
100 and SM-105 instruments. The limitation of resonant coil systems is that the resulting
values are a magnitude with no phase information. Another significant disadvantage to
the SM-100 and SM-105 instruments is the very slow measurement speed caused by the
requirement of the operator to manually insert and remove the sample for each frequency
/ field strength combination. This has been remedied in a hardware update in late 2016
that will automate the measurements but this is too late to be included in this thesis. The
ZH Instruments SM-100 and SM-105 system connected to a laotop computer with the data
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collection software running can be seen in Figure 3.10. A plot of six sample soils that I
measured can be seen in Figure 3.11. These samples were used a references as some showed
high magnetic susceptibility but no viscosity, some showed high levels of magnetic viscosity
and some showed low levels of magnetic viscosity and low levels of magnetic susceptibility.
In the paleomagnetic community there are several instruments that have the capability of
measuring complex frequency dependent magnetic susceptibility. At the Institute for Rock
Magnetism (IRM) there exists a Quantum Magnetics MPMS and a Lakeshore Cryonics unit.
The primary limitation to both of these instruments is that the sample size is approximately
that of a gel cap pill. The Lakeshore instrument has been out of production for over 30 years
and is no longer supported. The MPMS is the most accurate of this type of instrument
as it adds the capability of temperature control and magnetic field strength control. The
Magnon VFSM is another sensor available for measurement of frequency dependent magnetic
susceptibility that functions from 10 Hz to 10 kHz.
Figure 3.10: ZH Instruments SM-100 an SM-105 low-frequency magnetic susceptibility mea-
surement system connected to a laptop computer and controlled by the ZH Instruments
software.
To meet the needs of larger samples for soil studies Dr. Gordon West along with Richard

















































Figure 3.11: Frequency dependent magnetic susceptibility (viscosity) of six samples used
as baseline references measured with the ZH Instruments SM-100 an SM-105 low-frequency
magnetic susceptibility measurement system connected to a laptop computer and controlled
by the ZH Instruments software.
magnetic Induction Spectroscopy (UTEMIS) sensor from 2003 to 2008 with funding from
the Canadian Department of Defense. The UTEMIS is a time domain sensor as opposed
to much more common frequency domain lab magnetic susceptibility sensors that covers an
effective frequency range of 140 Hz to 63 kHz. Geosensors acquired the rights to produce
this instrument the UTEMIS Mk2 unit used in this thesis was delivered in January 2015
as seen in Figure 3.12. The differential coil design of the UTEMIS Mk2 are very similar to
a sensor conceptually described by Olhoeft and Strangway [79]. The UTEMIS Mk2 sensor
requires the measurement of an empty sensor just as the resonant coil systems described
above to establish the magnetic susceptibility of free space. After starting the UTEMIS
Mk2 sensor it was allowed to operate for at least 15 minutes to warm up the coils and allow
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thermal stabilization. To minimize drift caused by temperature changes in the coils, all
measurements used in this thesis had an air reference measurement performed both before
and after measurement of the sample. All measurements used in this thesis are the averages
of eight repeated measurements so that the standard deviation of each measurement could
be calculated. The UTEMIS Mk2 includes two provided reference samples, a closed copper
loop and a ferrite bead, with known responses. Each calibration standard was measured at
the beginning of each measurement session to ensure proper functionality of the system. The
results of my measurements of the ferrite bead are seen in Figure 3.13 while the results for
the copper loop are seen in Figure 3.14. This thesis is the first publication to use this sensor
other than the initial conference proceedings and report by the designers.
Figure 3.12: Experimental configuration of low-frequency magnetic susceptibility measure-
ment system featuring the Geosensors UTEMIS Mk2 connected to a laptop computer and
controlled by the Geosensors software.
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Figure 3.13: Geosensors UTEMIS Mk2 measured response for supplied ferrite bead calibra-
tion standard.
3.2 High-Frequency Measurements
There are two types of instruments typically used for high frequency (⇡> 1MHz): the
network analyzer and the impedance analyzer. A brief discussion of each method follows,
with details on the specific methods used in this thesis.
3.2.1 Network Analyzers
A network analyzer is an instrument that consists of signal source, a receiver and a
display. The source launches a signal at a single frequency towards a sample while the
receiver is tuned to that frequency to detect reflected and transmitted signals from the
sample. The source steps to the next frequency and then measurement is repeated until
the frequency sweep is completed. The result is to display the reflection and transmission
response as a function of frequency. Network analyzers can operate from approximately 30
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Figure 3.14: Geosensors UTEMIS Mk2 measured response for supplied copper wire loop
calibration standard.
kHz up to approximately 300 GHz. Vector network analyzers can measure the magnitude
and phase of the transmission and reflection response versus frequency, while scalar network
analyzers can only measure the magnitude. Network analyzers are typically designed to have
a characteristic system impedance of 50 ohms.
A network analyzer is designed to test an electrical network by transmitting an electro-
magnetic wave from one port to another port, while measuring the amplitude and phase
differences between the source wave and the received wave. A network analyzer can have
a number of ports from a minimum of 1 to as many as the system can support through
multiplexing. Most network analyzers used for material properties measurement have be-
tween one and four ports, with two ports being the most common. Network analyzers can
be scalar, where only a magnitude is measured, or vector, where both magnitude and phase
are measured. Network analyzers measure scattering parameters, or S-Parameters [19, 86],
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which represent the electrical behavior of linear networks undergoing steady state stimuli by
electrical signals. S-Parameters are represented as a matrix, based on the source and receiver
locations of the parameter. In a two-port network analyzer S-Parameters originating at port
1 are referred to as being in the forward direction, while S-Parameters originating at port 2
are referred to as being in the reverse direction. S-Parameters can be either reflection mea-
surements, where the source and receiver port are the same, or transmission measurements,
where the source and receiver ports are different. The standard notation for S-Parameters
is Smn where n is the source port and m is the receiver port. For passive, isotropic and
homogenous materials the S-Parameter values should be symmetric.
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for a one-port system which only measures the reflection. The measured S-Parameters can
be inverted for material properties if the type and geometry of the measurement is known.
For this dissertation three models of vector network analyzer were used. An Agilent
E5071C vector network analyzer was utilized for laboratory measurements. The E5071C is a
four port network analyzer that can operate from 9 kHz to 8.5 GHz and is seen in Figure 3.15.
An Agilent FieldFox N9912A FieldFox vector network analyzer, as seen in Figure 3.16, was
used for field measurements with the permittivity probe. The N9912A is a two port vector
network analyzer designed for outdoor use for testing radar systems on planes, testing cellular
phone networks and troubleshooting any microwave system. The N9912A is a multifunction
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instrument in that it has three instruments in one: a vector network analyzer, a spectrum
analyzer, and a cable and antenna tester (CAT). The N9912A can operate from 1 MHz
to 6 GHz. An Agilent FieldFox N9917A FieldFox vector network analyzer was used for
lab measurements as well as field measurements with the permittivity probe and with a
number ring resonator sensors that were left out of the final dissertation. The N9917A seen
in Figure 3.17 is a two port vector network analyzer designed for outdoor use for testing
radar systems on planes, testing cellular phone networks and troubleshooting any microwave
system. The N9917A is a multifunction instrument in that it has three instruments in one:
a vector network analyzer, a spectrum analyzer, and a cable and antenna tester (CAT).
The N9917A can operate from 30 kHz to 18 GHz. The only current limitation of the two
FieldFox network analyzers for the current wideband measurements is that they can currently
only select frequencies with a linear spacing while the E5071C can select frequencies with
either a linear or a log spacing. The advantage of log spacing in wideband measurements is
that the operator could select to use 10 frequencies per decade or more and still be below
101 total frequencies while with a linear spacing and the same wide band the number of
frequencies required to get any data at the low frequencies other than the start frequency
requires increasing the number of frequencies by several decades. Hopefully this issue will be
remedied soon as Agilent have said that it can be fixed in a future firmware update sometime
in 2015. The issue with significantly increasing the number of measurement frequencies is
the commensurate increase in measurement time
Network analyzers must be calibrated to be usable to perform meaningful measurements.
The calibration process provides insight into the sensitivity and limitations of materials
measurement techniques. The vector error correction removes systematic errors, leaving only
residual errors due to the calibration standards themselves. Calibration removes systematic
(stable, repeatable) errors but not not random or drift errors. Errors can be minimized with
good measurement practices such as inspecting all of the components for wear or damage with
each use and minimizing movement of the instrument and cables. The higher in frequency
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Figure 3.15: Agilent E5071C (9 kHz to 8.5 GHz) vector network analyzer (VNA) used in
this thesis.
measurements are performed, the more important the error corrections become.
For a two port vector network analyzer utilizing both ports there are 12 error terms
that should be corrected. When the source originates at port 1, the forward direction, there
are six potential error sources: tracking, or the frequency response of the signal paths for
the transmission and reflection measurement paths; load and source impedance match at
the input and output of the device, respectively; isolation is the small amount of leakage
radiating from port 1 and being measured at port 2; and the coupler directivity yields a
total of six error terms in the forward path. There are six identical terms when the source
is from port 2.
Calibration of a vector network analyzer is the process of removing the responses of
the error terms. The process typically involves connecting mechanical calibration standards
to the vector network analyzer. There are two primary calibration methods that are used
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Figure 3.16: Agilent FieldFox N9912A (2 MHz to 6 GHz) combination vector network ana-
lyzer (VNA) and spectrum analyzer used in this thesis.
with network analyzers depending on the type of measurement being performed and the
type of measurement fixture. The most common method, and the one used for all of the
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Figure 3.17: Agilent FieldFox N9917A (30 kHz to 18 GHz) combination vector network
analyzer (VNA), spectrum analyzer, and cable and antenna tester (CAT) used in this thesis.
measurements in this thesis, is the short/open/load/thru (SOLT) calibration. At each port
a well characterized calibration standard is used to perform a measurement of the short, the
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open and then load. If the measurement is a two port measurement then the two ports are
connected and the thru measurement is performed. Depending on the type of cable used,
whether or not it has a gender, the thru measurement may involve a calibration standard to
connect the two cables or may be a zero length thru if the two ports are connected directly.
For this thesis a number of calibration standards were used depending on the choice of
vector network analyzer and cables. The Agilent 85515A SOLT calibration standard is an all
in one standard for a type-N connector that is of the female gender as seen in Figure 3.18. The
85515A is rated for a frequency range of DC to 9 GHz. The Agilent 85518A SOLT calibration
standard is an all in one standard for a type-N connector that is of the male gender as seen
in Figure 3.19. The 85518A is rated for a frequency range of DC to 18 GHz. The Agilent
85519A SOLT calibration standard is an all in one standard for a type-N cconnector that
is of the female gender as seen in Figure 3.20. The 85519A is rated for a frequency range
of DC to 18 GHz. The Agilent 85515A, 85518A, and 85519A calibration standards were
specifically designed for the FieldFox line of portable network analyzers which is why the
have a compact size and only one gender. More generically mechanical calibration kits have
individual standards for each standard type of both genders if the connector is gendered.
The Aglient 85032F calibration kit seen in Figure 3.21 is a traditional kit with individual
components rated for a frequency range of DC to 9 GHz. The Agilent 85032F calibration kit
was originally used for all measurements with the Agilent E5071C vector network analyzer
until it was determined that two of the standards were defective.
Figure 3.18: Agilent 85515A female short/open/load/thru (SOLT) calibration standard (DC-
9 GHz), front view on left and back view on right.
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Figure 3.19: Agilent 85518A female short/open/load/thru (SOLT) calibration standard (DC-
18 GHz), front view on left and back view on right.
Figure 3.20: Agilent 85519A male short/open/load/thru (SOLT) calibration standard (DC-
18 GHz), front view on left and back view on right.
Figure 3.21: Agilent 85032F short/open/load/thru (SOLT) calibration standard (DC-9
GHz), front view on left and back view on right.
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Calibration and error correction can also be performed with automatic calibration kits.
These systems are boxes with one or more connections on each side that contain all of the
SOLT calibration standards inside the box and can connect to a computer typically with
a universal serial bus (USB) cable which allows the standard to electronically switch the
standard in use inside of the box. These types of standards can increase accuracy during
measurements with a vector network analyzer but automatically recalibrating the system
between measurements to ensure that the system response has not drifted. An Agilent
85093 eCal Module (300 kHz to 9 GHz) as seen in Figure 3.22 was used in combination
with the Agilent E5071C VNA for all of the measurements with the Agilent 85070E high
temperature coaxial probe presented in this thesis. The eCal module recalibrated the VNA
between each measurement.
3.2.2 Impedance Analyzer
Impedance analyzers were initially discussed in the context of low-frequency measure-
ments, but they can also be used for high-frequency measurements. For high-frequency
measurements the impedance analyzers can operate over a frequency range of approximately
1 MHz to 3 GHZ. The high-frequency impedance analyzer can be used with the same parallel
plate fixture as the the low-frequency impedance analyzer.
Advantages of the Radio-Frequency (RF) Parallel Plate Method
• Relatively simple computation of εr from the capacitance and dissipation factor
• Inexpensive
• Works well for thin sheets, PC boards, films, etc...
• Accurate: typically ± 8% for εr, and 5% for tan δ
Disadvantages of the Radio-Frequency (RF) Parallel Plate Method
• Frequency limited to approximately 1 MHz to 1.8 GHz
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Figure 3.22: Agilent eCal Module
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• To get best results must use a parallel plate capacitor with a guard ring to ensure that
the entire electric field passes through the sample and doesn’t fringe around the sample
through the air
• Sample must be a flat, smooth sheet
3.2.3 Coaxial Probe
The coaxial probe is essentially a terminated section of rigid coaxial line that is very
well characterized. This type of probe is best for liquids or semi-solids (powders and soils).
The coaxial probe only measures the S11 reflection coefficient so the equations for mapping
the permittivity and permeability to the measured reflection coefficient would have only one
equation and two unknowns. The sample must be thick enough to be considered infinite, a
good rule of thumb is that the sample should be thicker than 2 cm. All sample used in this
thesis were a minimum of 2.54 cm thick. As the coaxial probe has limited accuracy for low
permittivity low loss samples, it is possible to improve results for these types of samples by
measuring the same sample with a more accurate method and then using the more accurate
values to make relative measurements with the coaxial probe.
Coaxial Probe Measurement Features
• Convenient, easy to use
• Little or no sample preparation
• Broadband (10 MHz to 20 GHz)
• Nondestructive
• Limited εr accuracy and tan δ low-loss resolution
• Best for liquids or semi-solids (powders and soils)
Coaxial Probe Measurement Assumptions
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• Semi-infinite thickness
• Material is non-magnetic
• Material is isotropic and homogeneous
• Flat surface
• No air gaps





• Does not measure µr
Keysight Technologies (formerly Agilent Technologies) distributes three coaxial probes
that can be operated with their proprietary software for permittivity measurements. The
probes are the high performance probe, the slim probe and the high temperature probe. All
measurements presented in this dissertations were performed with the Agilent 85070E High
Temperature probe [13], seen in Figure 3.23 as it has the lowest recommended operating fre-
quency and the largest aperture (3 mm). The volume of investigation is directly proportional
to the aperture diameter, which also limited the highest operating frequency. The effects of
grain size can be seen in Figure 3.24 as the accuracy of the sensor is degraded when the grain
size approached the size of the sensor aperture. The suggested operating frequency of the
85070E High Temperature Probe is 200 MHz to 30 GHz [2] but numerous publications have
shown that the low frequency can be pushed to as low as 10 MHz as long as cation is shown
in the calibration and measurement process. For low loss materials the data is questionable
below 80 MHz. The imaginary component of the permittivity becomes difficult to measure
at low frequencies and for low-loss materials as seen in Figure 3.25.
The measurement method to utilize the coaxial probe requires a probe, a network analyzer
or impedance analyzer, and a computer to control the network analyzer and compute the
permittivity. The coaxial probe method is a one port measurement and requires a three term
calibration to correct for directivity, tracking and source match. The most common three
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standards are open, short and load. The open standard for coaxial probes is typically to leave
the probe open to the air. The short standard is either a metal plate or strip that is machined
flat and connect the inner and outer conductors of the coaxial probe; or a thin section of
conductive elastomer can be sandwiched between the probe face and the metal plate. The
flexibility of the elastomer can compensate for minor surface variations on either the probe
face or the metal calibration plate. The load standard is a user defined standard which is
most often distilled water at a measured temperature. The permittivity spectrum of the
water is calculated by the software after inputting the temperature and using the Cole-Cole
model. Good practice after completing a calibration is to measure the water standard. As
the water was one of the calibration standards, receiving the correct values is not indicative
of a good calibration, but a poor result is indicative of a bad calibration. If the results of
the calibration are poor, the calibration procedure should be repeated after checking all of
the cable connections and tightening them with a torque wrench.
There are three causes of potential error with a coaxial probe that can affect the accuracy
of measurement. The first is cable stability, if the cable moves or the temperature of the
cable changes after calibration the accuracy can decrease. Air gaps between the face of the
probe and the sample can introduce significant errors. There are two indicators of air gap
errors, the first is if the measured values are much lower than anticipated due to measuring
a significant amount of air and the second is a high frequency ringing in the data which
can indicate an air gap. The third cause of error with coaxial probes in insufficient sample
thickness. The equation below is the recommended minimum sample thickness (mm) for
the sample to appear of infinite thickness. To ensure the sufficient thickness of samples one
measurement was made with the sample jar sitting on a 2 cm thick Delrin disc followed
by a measurement made with the sample jar sitting on a metal disc. If any variation was
measured a thicker sample was selected, although this never happen as all samples were a
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Figure 3.23: Sketch of the Agilent 85070E High Temperature Coaxial Probe [2].
Figure 3.24: Cartoon demonstrating the effect of grain size on the Agilent 85070E High
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Figure 3.25: Plot of the real versus imaginary components of low-loss materials as measured
with the Agilent 85070E High Temperature Coaxial Probe [2].
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To improve the accuracy of coaxial measurements it is possible to refresh the calibration
either intermittently during a sequence of measurements or between each measurement.
The software allows the user to select a single calibration standard to remeasure between
successive measurements, the air standard is the most common. A more powerful and also
expensive solution is to use an automated calibration device, for this dissertation an Agilent
Electronic Calibration (eCal) module was used. The eCal module is connected between the
coaxial cable and the top the of the coaxial probe. The eCal module is also connected to the
network analyzer by a USB cable for power and data transfer. The standard open/short/load
calibration is performed at the tip of the probe and then uploaded to the eCal module. Prior
to each measurement the eCal module performs a new calibration to remove cable movement
errors. The use of the eCal module significantly improves the repeatability of measurements,
but the improved repeatability comes with the cost of significantly increased measurement
time. The measurement time increases by approximately a factor of four (i.e. a 30 second
measurement now increases to 2 minutes). The complete measurement setup can be seen in
Figure 3.26.
To verify the accuracy of the coaxial probe, the suggested method is to measure known
reference liquids such as methanol, ethanol and isopropyl alcohol. The Cole-Cole parameters
of each of these liquids have be tabulated as a function of temperature. All three of these
liquids were measured with the probe to verify the accuracy.
One method to improve the accuracy of coaxial probe measurements is that demonstrated
by Chen & Chen [20] of measuring known reference liquids and then measuring the samples
of interest. This method was demonstrated to increase the accuracy of measurements by
approximately 10%. Another method to improve coaxial probe measurements when using
less well characterized probes is to manufacture calibration standards on printed circuit
boards as Woodhead and Sheen demonstrated [113].
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Figure 3.26: Agilent E5071C network analyzer connected to Agilent eCal module and Agilent
85070E high temperature probe controlled by Keysight N1500A Materials Measurement
Software measuring a Delrin disc.
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3.3 Transmission Line
The transmission line method includes coaxial airlines as well as waveguides. The trans-
mission line fixture is connected to the network analyzer at both ends and performs a full two
port measurement of transmutation and reflection though the fixture and the sample. The
transmission line method is applicable to liquids, powders, and machinable solids. Coaxial
airlines require a torroidal shaped sample, while a waveguide requires are brick shaped. The
Coaxial airline is broadband but requires machining more complex samples, although this
disadvantage for solid samples makes the airline more appropriate to soil samples. An ex-
ample of a transmission line experimental setup can be seen in Figure 3.27 where a Agilent
FieldFox N9917A VNA is connected to a GR900 coaxial airline by two phase stable cables
and controlled by the Keysight N1500A Materials Measurement software suite.
Transmission Line Measurement Features
• Limited low loss resolution
• Measurement of magnetic materials
• Broadband (low end limited by sample length, high end limited by mode conversion)
• Coaxial line supports planar TEM mode (free space)
Transmission Line Measurement Assumptions
• Sample fills fixture cross section
• No air gaps at fixture walls
• Smooth flat faces, perpendicular to long axis
• Homogeneous
The coaxial airline version of the transmission line measurement method has a long his-
tory for soil measurements with the seminal paper by Topp et. al. [103] that established
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Figure 3.27: Agilent FieldFox N9917A connected to General Radio GR900 coaxial airline
controlled by Keysight N1500A Materials Measurement software running on a connected
laptop computer.
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the third order empirical relationship between soil moisture content and the real component
of the dielectric permittivity. The data reduction from the measures S-Parameters to the
physical properties of permittivity, permeability and conductivity were initially done using
the Nicolson-Ross-Weir (NRW) algorithm which is an analytical solution to the problem.
The primary issue with the NRW algorithm is the resonances that occur at quarter wave-
lengths. There are several newer iterative algorithms at the National Institute for Standards
and Technology (NIST) by the Baker-Jarvis et. al. [58] and at Agilent, by Bartley and
Beagley [103] that remove the quarter wavelength resonances. All of the data reduced in
this dissertation used the Bartley and Beagley iterative algorithm.
A typical coaxial airline transmission line system requires a section of coaxial airline,
a network analyzer and a computer to control the network analyzer. In addition to the
previously mentioned equipment a calibration kit that covers the appropriate frequency
range of the measurement must be used. The most common coaxial airline fixture used
for these types of measurements on soils in the General Radio GR900 series airlines [95].
Since this type of measurement is typically performed below 18 GHz, which is the upper
frequency for the type-N cable and connectors, the type-N to GR900 adapter is the most
common adapter for this measurement type. General Radio produced open, short and load
calibration standards that could mate to the GR900 connector. The GR900 airlines were
rated to a maximum frequency of 9 GHz. The primary disadvantage of using the GR900
fixtures for soil measurements was their small diameter which required pulverizing the soil
samples to ensure that the cylinder was packed completely and their were no air voids. As
General Radio is currently out of business the line of GR900 fixtures is now produced by
Maury Microwave of Ontario, CA. I have been unable to find any references of the Maury
Microwave airlines being used for soil measurements. It is assumed that this is due to
the very small number of researchers performing these types of measurements and the easy
availability of used GR components from online vendors. One other disadvantage of the
GR900 fixtures is that the calibration standards are less accurate than newer fixtures like
89
those from vendors such as Keysight Technologies due to the calibration coefficients only
being first order standards instead of third order standards which are more accurate at
higher frequencies.
Calibration of coaxial airline transmission line measurements is performed to remove
the systematic errors of the measurement system (network analyzer, cables and fixture).
The calibration process establishes a reference plane at the location where the calibration
was performed, most commonly where the sample cell connects to the cable adapter. It is
possible to calibrate the system without the fixture in place or at a different location than
where the sample cell attaches to the cable adapter, in this situation the cell or There are two
commonly used calibration methods for coaxial airline transmission line measurements. The
first is the short/open/load/thru (SOLT) calibration method which requires four calibration
standards and can support broadband measurements. The more recent and more accurate
calibration method is the thru/reflect/line (TRL) calibration method. The advantages of
the TRL method over the SOLT method is increased accuracy and ease of manufacture
for the standards, but the primary disadvantage is the inability to calibrate over a wide
frequency band. The SOLT short standard is equivalent to the the TRL reflect standard as
both should give a 100% reflection of an incident wave. The SOLT thru standard can be
equivalent to the TRL thru standard but does not need to be. The TRL thru standard is to
connect all of the measurements without any additional components. The TRL line standard
adds an additional length of coaxial line to the fixture to shift the phase approximately 90
degrees. The SOLT open standard is equivalent to have the end of the fixture completely
open with no reflections. The SOLT load standard is a broadband matched to the system
impedance, typically 50 Ohms. The SOLT thru can either be an additional length of coaxial
airline of known length with connectors on either end to mate to the adapters, or can
be a zero length through in which case it is equivalent to the TRL thru standard. Well
defined standards are difficult to machine so standards from Agilent Technologies were used
for this dissertation. Figure shows the Agilent 85032F type-N calibration kit. The kit
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has short/open/load standards in both male and female genders in addition to male/male,
male/female, and female/female thru standards. The kit is rated for a frequency range of
DC to 9 GHz. Figure shows the Agilent 85515A type-N SOLT calibration standard. The
85515A is an integrated standard with all female gendered standards and a frequency range
of DC to 9 GHz. Figure shows the Agilent 85518A type-N SOLT calibration standard. The
85518A is an integrated standard with all male gendered standards and a frequency range of
DC to 18 GHz. Figure shows the Agilent 85519A type-N SOLT calibration standard. The
85519A is an integrated standard with all female gendered standards and a frequency range
of DC to 18 GHz.
To eliminate the problem with the small diameters of the GR900 coaxial airlines, two sets
of coaxial airlines were purchased from Damaskos, Inc. of PA. The Damaskos 3000T soil cell
fixtures and adapters are 3 inches in diameter which allows for a much larger sample volume
for measurement. The disadvantage of using a custom sized coaxial airline is calibration.
Damaskos, Inc provides suggested calibration methods over three frequency ranges with the
3000T, but none support wideband measurements of the type used by Olhoeft and Capron
when using GR900 coaxial airlines. The Damaskos TRL Low band calibration covers the
frequency range of 100 MHz to 800 MHz. The Damaskos TRL High band calibration covers
the frequency range of 375 MHz to 3 GHz. The Damaskos full two port calibration uses
the traditional short/open/load/thru (SOLT) calibration method and covers the frequency
range of 100 MHz to 1.8 GHz.
All of the measurements in this thesis made with the transmission line method were
controlled by the Keysight Technologies N1500A Materials Measurement Software. The
N1500 software was released in 2014 just after Agilent Technologies spun off its test and
measurement business as Keysight Technologies and replaces two previous programs. The
N1500A software combines all of the functionality of the Agilent Technologies 85070E di-
electric permittivity probe software as well as the 85071E Materials Measurement Software.
The N1500A software controls the network analyzer: allowing the user to set the start and
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end frequencies; select the number of points; select the spacing, either linear or log; se-
lect the inter-frequency bandwidth (IFBW); and finally contains the algorithms available
to invert the measured S-Parameter data into material properties. Table 3.2 lists all of the
algorithms available for inverting the data. The most commonly used algorithm which was
used by Stillman [95] and Olhoeft and Capron [78] is the Nicolson-Ross-Weir (NRW) al-
gorithm [75, 111]. The NRW algorithm is an analytical solution that is quite fast but has
discontinuities at half wavelengths in the sample. Stillman [95] filtered out the resonances
and stopped his measurements at the second resonance. The NRW algorithm can solve for
both the complex permittivity and the complex permeability. The next two algorithms are
very fast in execution time but assume that the sample is non-magnetic and set the complex
permeability to 1 and 0 for the real and imaginary parts. The final two algorithms are based
on a paper by Bartley and Begley [9] which is an iterative solution that does not have the
discontinuities exhibited by the NRW algorithm. The Poly Tran e algorithm assumes a non-
magnetic material while the Poly/Ref Tran µ&ε algorithm can measure magnetic materials.
All of the materials measured in this thesis with the transmission line method used the Poly
Ref/Tran µ&ε algorithm for data analysis. A screenshot the data collection environment
of the Keysight N1500A Materials Measurement software suite can be seen in Figure 3.28
where the measurement S-parameters and calculated permittivity and permeability of the
sample can be seen.
Several valuable lessons were learned during the process of performing many measure-
ments of the wideband electromagnetic properties of materials with the transmission line
method. The limitations on sample length with the transmission line method are that to
actually sample the material under test the sample should be longer than 1/4 wavelength.
That sets the low frequency limit, while the high frequency limit is determined from when
the electromagnetic wave passing through the sample converts from TM01 to a higher order
mode which is called the cutoff frequency. Both of these frequency limits are determined by
the electromagnetic properties of the material in the sample holder. The cutoff frequency
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Table 3.2: Keysight N1500A Materials Measurement algorithms showing the required pa-
rameters to be meaured, the optimum sample length, and the material properties that can




Nicolson-Ross-Weir S11, S21, S12, S22 (S11, S21
if sample position defined)
λg/4 εr & µr
Precision (NIST) S11, S21, S12, S22 nλg/4 εr
Tran ε Fast S21, S12 nλg/4 εr
Poly Ref/Tran µr&ε S11, S21, S12, S22 (S11, S21
if sample position defined)
λg/4 εr
Poly Tran ε S11, S21, S12, S22 nλg/4 εr
Figure 3.28: Keysight N1500A Materials Measurement software screenshot displaying S-
Parameters, permittivity, magnetic permeability and table of data.
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of the Damaskos 3000T sample fixtures for air was determined to be approximately 7 GHz
based on the change in the phase response. As the Damaskos 3000T soil cell is 9.845 cm
long, for air the lowest frequency should be approximately 761 MHz while for water the
lowest frequency should be 7.61 MHz. Based on this range, all measurements started at 10
MHz for the low frequency.
v = f ⇥ λ (3.14)
A lesson learned about low frequency limits and the Poly Tran/Ref u&e algorithm was
that by default the N1500A software allowed the polynomial model to pick its own order. This
was an acceptable choice as long at the lowest frequency was close to the quarter wavelength
requirement. When the length of the sample became much shorter than the wavelength, the
model broke down and the results were non-physical. This could be remedied by limiting
the order of the polynomial to a second order.
3.4 Calibration Considerations
Calibration and correction are two similar but different methods of improving measure-
ment quality. The approach required depends on the specific type of instrument in use,
the required accuracy of the measurement, the fixture used and the type of sample. Low
frequency instruments such at the LCR Meter and the magnetic susceptibility meter typi-
cally are calibrated at the factory and require verification of the calibration on a recurring
interval, typically some multiple of a year. Low frequency instruments usually require some
form of correction or normalization which removes the effects of the cables or fixtures, but
these corrections are not required to perform measurements. The corrections are usually
frequency dependent and are most important at the high frequency end of the measurement
range to minimize capacitive coupling in the cables.
The Geosensors UTEMIS Mk2 instrument does not require a calibration or correction
to perform accurate measurements. Suggested best practice is to measure the supplied
standards, a closed wire loop and a ferrite bead, after allowing the instrument to warm up
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for 30 minutes and prior to measuring any samples.
The Agilent E4980A instrument does not require a calibration, but when used with the
16048A cable set it is recommended to perform an open and short correction either at the
end of the cable or with the measurement fixture in place.
Calibration of a network analyzer is a process of removing well-defined and understood
systematic errors from a system. These errors are caused by leakage inside the network
analyzer
The most commonly used calibration procedure for one-port measurements uses open,
short and load standards (SOL). For a two-port measurement, the SOL standards are applied
at each port, followed by a thru (T) standard that connects the two ports. The full two port
calibration is called a short/open/load/thru (SOLT). When a signal interacts with these
standards the signal is reflected in a predictable manner. The short and open standards
both reflect 100% of the signal, but have different phase responses. The open standard is a
precision standard, but in some cases can, and is, be replaced with just leaving the connection
open as a reasonable substitute. This is the method applied for the open standard when
calibrating the Agilent 85070E coaxial probes. The load standard theoretically absorbs all of
the signal, although practically a very small amount of signal is reflected. The thru standard
is the method of connecting Port 1 to Port 2, although there are several approaches to this.
The best approach is the zero length through which is when Port 1 is directly connected
to Port 2 either because the connectors are of different genders or are genderless. The
calibration reference plane is the physical location where the device under test and the
calibration standards are connected during the calibration process.
3.5 Field Measurements
Field measurement methods discussed in this dissertation include GPR, electromagnetic
induction metal detection, permittivity probe and magnetic susceptibility.
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3.5.1 Ground Penetrating Radar
Ground Penetrating Radar (GPR) is a geophysical method the operates by transmitting a
radio wave into the ground and measuring the direct and reflected waves. The fundamentals
of GPR are well developed and explained in texts by Jol [57] Daniels [31] and Reynolds [88].
GPR involves transmitting and electromagnetic wave into the subsurface and measuring
the return. A GPR system can use a single antenna for both transmitting and receiving
(monostatic) or can use separate antennas for transmitting and receiving (bistatic). GPR
systems are commonly time-domain instruments that produce a pulse at the transmitter
which propagates away from the antenna and though the soil. The velocity and attenuation
of the electromagnetic wave produced by the GPR system is a function of the electromagnetic
properties of the rock, soil and liquid that the wave travels through. The range of properties
typically encountered in GPR surveys are summarized in Table Table 3.3.




σ (mS/m) V (m/ns) ↵ (dB/m)
Air 1 0 0.30 0
Water (Distilled) 80 0.01 0.033 2⇥10−3
Water (Fresh) 80 0.5 0.033 0.1
Water (Salt) 80 3⇥103 0.033 103
Sand (Dry) 3 - 5 0.01 0.15 0.01
Sand (Saturated) 20 - 30 0.1 - 1.0 0.06 0.03 - 0.3
Limestone 4 - 8 0.5 - 2 0.12 0.4 - 1
Shales 5 - 15 1 - 100 0.09 1 - 100
Silts 5 - 30 1 - 100 0.07 1 - 100
Clays 5 - 40 2 - 100 0.06 1 - 300
Granite 4 - 6 0.01 - 1 0.13 0.01 - 1
Salt (Dry) 5 - 6 0.01 - 1 0.13 0.01 - 1
Ice 3 - 4 0.01 0.16 0.01
For this thesis all GPR measurements were performed with the Sensors & Software Pulse
EKKO Pro system which consists of a controller, an antenna, and a method for determining
the location of the antenna as seen in Figure 3.29. The controller is referred to as a Digital
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Video Logger version 3 (DVL III). The DVL can control a range of antennas, which are
separated into two frequency ranges with the transition occurring between 200 and 250
MHz. Below 200 MHz the communication between the DVL III and the antennas is sent
over fiber optic cables. As fiber optic cables cannot transmit power only pulses of light, this
requires an additional electronics module attached to the antennas themselves to convert the
transmitter (Tx) signal from a light pulse to an analog voltage and a module connected to
the receiver (Rx) to convert the received voltage to a light pulse. The fiber optic cables are
used to minimize capacitive coupling that could occur between wires at lower frequencies.
From 250 MHz and up the DVL III is connected to the antennas with electrical cables.
Figure 3.29: Sensors & Software Pulse EKKO Pro GPR system shown with cart for common
offset surveys and also with antennas on the ground to perform a common midpoint survey.
97
All measurements in this thesis were performed with three antenna frequencies: 250,
500 and 1000 MHz. There are a number of settings that must be changed inside the DVL
III depending on the frequency of the antenna. Most of these settings are automatic once
the user inputs the antenna frequency. The settings that required user control were the
maximum recording time, an estimate of the velocity of the subsurface to estimate depths
from times, and the time zero of the instrument. The time zero setting is the most important
setting as it requires manually setting and if incorrect will result in useless data. The time
zero setting is a method of ensuring that the electromagnetic pulse generated by the DVL
III that passes down the cable to the Tx antenna, is received by the Rx antenna and then
recorded in the DVL III is recorded properly. Setting the time zero ensure that there is
enough time allowed so that the DVL III starts recording in time before the pulse arrives
but also that the pulse arrives near the beginning of the time window. Many surveys in this
thesis were recollected due to forgetting to properly set time zero and then realizing that the
data was not usable.
The antennas were used in two separate survey configurations. The first is the common
midpoint (CMP) survey configuration which is used to measure the velocity of the subsur-
face. The second is the common offset (CO) configuration. In a CMP survey the Tx and
Rx antennas are positioned touching each other, then a measurement is performed. Each
antenna is moved away from the common midpoint by one half of the step size required for
that specific frequency, then another measurement is performed. This process is repeated
until the hyperbolic response on the screen has attenuated significantly, or the maximum
distance of the cables has been reached. With a CO survey the Tx and Rx antennas are
separated by a fixed distance and moved together across the surface of the ground. This
the survey configuration normally used to investigate the subsurface. The antennas can be
pulled on a small sled or attached to a wheeled cart. Typically a wheel is pulled behind
the sled with a odometer that keeps track of the wheel rotations while on the cart on of the
wheels is connected to an odometer. The odometer must be calibrated to a known distance
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prior to surveying and for this work the calibration was performed each day prior to data
collection. With a CO survey it has also become standard practice to attach a global posi-
tioning system (GPS) unit to the antennas to allow placing the data in the correction spatial
location. For this work some of the outdoor surveys had GPS collected during the survey
while others only had the ends of the survey lines measured.
3.5.2 In-Situ Permittivity Probe
Measurement of in-situ permittivity is an extension of the laboratory methods discussed
previously where a custom open ended coaxial probe was utilized for field measurements.
The version utilized in this thesis is a custom built permittivity probe originally designed in
collaboration with the Electroscience Laboratory at The Ohio State University. The probe
is an SMA connector inside a custom build aluminum head as seen in Figure. The aluminum
head is at the end of a shaft made from steel pipe. At the top of the shaft a Type-N connector
is centered in a t-handle. Additional sections of metal pipe can be added with an extension
cable to increase the length of the probe from one meter to two meters.
The permittivity probe is connected to an Agilent FieldFox N991A portable vector net-
work analyzer with a two meter length of phase stable RF cable with Type-N connectors
on both ends. The N9912A is controlled by the Keysight N1500A materials measurement
software. The probe is calibrated with an open, a short and a load. The open calibration
standard is accomplished by leaving the probe open to the air. The short calibration is
accomplished by a custom machined curved brass plate with a small sheet of conductive
elastomer between it and the probe to ensure a optimum short. The load calibration is
accomplished by inserting the probe into a portable cooler filled with distilled water after
the temperature of the water has been measured and entered into the software.
A significant amount of effort was spent on optimizing the probe design, the calibration
process and the field procedures necessary to collect data with minimal errors. After demon-
strating to ten different users the process it was still rare to get quality data from most users.
The first requirement was to ensure that all of the cables were all tightened to the specified
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torque requirements. The second requirement was to ensure that the short calibration was
performed with the short standard smooth against the curved surface of the probe. The
third requirement was to make a test measurement of the water calibration standard with-
out moving the probe. This sanity check was to make sure that the calibration procedure
had not obvious errors. An example of good data quality versus poor data quality is seen in
Figure 3.30. This is a measurement on a dry sand where the good measurement shows the
real component of the permittivity in green and imaginary component in purple. Also in
the same figure is a set of bad measurements where the real component of the permittivity
is in blue and the imaginary component is in red. Both sets of measurements show ten
repeated measurements so that the user can calculate the mean and standard deviation of
the repeated measurements. Without additional information, such as the measurement of
the distilled water used for calibration, an end user can’t determine the cause of the bad
measurement. If the measurement of the distilled water used for calibration was provided
and indicated an acceptable calibration, then this type of response would probably indicate
poor contact between the probe and the soil being measured. A small air gap here could
cause a resonance that would cause this response.
The next issue to deal with in deploying this sensor is cable movement as any movement
can impact the measurement. To test this issue five or more high quality phase stable
cables from multiple manufacturers were tested. Cables tested were manufactured by Agilent
Technologies, Pasternak, Times Microwave, and Hewlett Packard were tested.
3.5.3 Magnetic Susceptibility
Magnetic susceptibility is commonly measured in the field, but currently there is no
method to measure magnetic viscosity in-situ. Field measurements of magnetic susceptibility
are made with resonant coil systems such as the Bartington MS2D or the ZH Instruments
SM-30 both of which were used in this thesis. A resonant coil instrument has a solenoid
coil with a number of turns. A signal generator on the instrument generates a sine wave at
the resonant frequency of the coil. An initial measurement is made with the coil held up in
100
Figure 3.30: Plot of relative permittivity of a dray sand following a good calibration and
also a bad calibration.
the air with nothing magnetic near by. The instrument measures the frequency of the coil
resonance relative to the driving frequency. The sensor is then placed on the soil and the
measurement is repeated. The sensor will now now resonate at a slightly different frequency
due to the presence of the magnetic material next to the coil. The sensor compares the
two measurements and the frequency shift is proportional to the magnetic susceptibility.
Each sensor is calibrated once at the factory and does not require further calibration. If
the material has a low magnetic susceptibility, for example a diamagnetic or paramagnetic
material, then the sensors can make an air measurement both before and after the material
measurement and remove any thermal drift of the coil. The only real difference between the
various commercially available sensors is the size of the coil, which determines the volume
of investigation of the sensor.
3.6 Measurement Methodology Summary
This chapter covered all of the methods that were originally explored for performing the
required material characterizations for this thesis. All of the data plots were generated from
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measurements that I made on samples that I collected or calibration samples. All of the
methods described here were used for measurements performed for this thesis although some
of the data may have been removed in later drafts of the document.
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CHAPTER 4
IMPROVED PREDICTIONS OF GROUND PENETRATING RADAR VELOCITY AND
ATTENUATION FROM IN-SITU PROBE MEASUREMENTS FOR NON-EXPERT
USERS
Ground Penetrating Radar (GPR) is a widely used near-surface geophysical method due
to its potentially high resolution capability to provide real-time interpretations. However
GPR performance is site dependent. Increased computing power, decreasing costs, and the
availability of array systems have lead to an increase in the number of GPR users in geology,
geophysics, civil engineering, and military applications. Many users are non-technical users
but all users can benefit from improved knowledge of potential GPR performance both prior
to data acquisition, post processing, and interpretation. I develop a new in-situ method of
determining GPR velocity and attenuation and compare the results with commonly used
methods to establish confidence bounds for the performance parameters. By measuring
complex permittivity in shallow boreholes with an open-ended coaxial probes connected to a
portable vector network analyzer, GPR velocity, attenuation, and penetration depths can be
determined on-site, and before acquisition, rather than in a laboratory under dramatically
different conditions to obtain more robust subsurface imaging. We present results from two
sandbox experiments, one with both wet and dry sand and one with a water tank with
increasing levels of salinity, and a field experiment by comparing the velocities determined
from both GPR common mid-point surveys with 250, 500 and 1000 MHz antennas and
co-located permittivity probe measurements. The ability to quantify the attenuation from
permittivity probe measurements is a significant improvement over the typical GPR field
method of qualitatively estimating attenuation. The permittivity probe velocity predictions
were within the error bars of the CMP semblance analysis determined velocities.
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4.1 Introduction
Ground penetrating radar (GPR) is a popular geophysical method for detection and
discrimination of shallow targets due to its high spatial resolution and capability to detect
non-metallic targets. Due to rapid increases in computer processing capabilities and minia-
turization of electronics over the past 30 years, GPR has become the most commonly used
shallow geophysical method. The potential high resolution of GPR has led to its rapid in-
crease in use in geology, geophysics, civil engineering, archaeology, and military applications.
This increase in ease of use is sometimes diminished by poor performance at many sites due
to a lack of knowledge of the site specific material properties and their impact on the perfor-
mance of the GPR system. The advantages of GPR can be offset by its dependence on the
site geology, which can cause it to have penetration of less than 50 cm at some sites [17].
The performance of GPR generally means the ability of the system to penetrate to the
depth required and to accurately determine the target depth. The performance of GPR
at any site is primarily dependent on the electromagnetic properties of the soil at the site:
permittivity (✏⇤), magnetic permeability (µ⇤) and electrical conductivity (σ). GPR velocity
is primarily affected by permittivity and can also be affected by magnetic permeability. The
latter is most commonly assumed to be that of free space. The electrical properties of soil,
permittivity and electrical conductivity, are directly related to the density and water content
of soil while the magnetic permeability is independent of density and water content. The
relative permittivity of the soil is almost completely a function of soil moisture content [24]
with most dry earth materials having permittivities below 10 (dimensionless value), whereas
most wet earth materials have permittivities in excess of 25, while water is approximately 80.
GPR attenuation is more important than velocity to most users, and is primarily affected
by electrical conductivity. The spatial variability of these properties, both horizontally and
vertically, affects GPR performance and, depending on the scale of the natural variations,
can appear as anomalies in the data. At certain types of sites, such as glaciers, clean dry
sand or concrete, the low attenuation of the GPR signal leads to depths of investigation up to
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100 meters. Unfortunately many sites characterized by high water contents, clays, or other
materials that increase the electrical conductivity of the soil result in GPR performance so
poor that penetration depth is measured in centimeters.
Since GPR performance is so site specific several methods have been developed to predict
the performance at sites. These methods cover a range of spatial scales and costs, and may
or may not be applicable for any given problem or location.
The U.S. Department of Agriculture (USDA) has created a GPR suitability map of the
United States that is a potential indicator of whether GPR will be a suitable method at a
site [36–38]. This is often the first and only estimate of GPR penetration depth, and this
assessment is usually followed by performing GPR surveys to estimate penetration depth,
attenuation and maximum depth of detection at specific sites of interest. A better estimate of
GPR performance will require either in-situ measurements on the site of interest or laboratory
analysis of soil samples obtained at the site. The in-situ measurements are preferable as they
are more representative of the actual soil conditions (density and moisture content) than the
soil samples measured in the laboratory since it is still quite difficult to recreate the density
and moisture content of naturally occurring soils in a laboratory setting [31, 78].
Methods for in-situ determination of GPR velocities and attenuation can be broadly
placed in two categories, direct wave methods and reflected wave methods. Reflected wave
methods typically involve burying an iron pipe horizontally in an exposed vertical soil face
then performing a common offset GPR survey over the pipe [23]. Direct-wave methods
include common midpoint (CMP), wide-angle refraction and reflection (WARR), transil-
lumination, and burying one transmitting antenna and two receiving antennas at known
separations [3]. The most common methods for determining GPR performance in-situ are
to perform a CMP survey over a naturally occurring horizontal discontinuity or to bury a
known target such as a metal rod or plate at a known depth. We will limit our discussion
to CMP as it is by far the most commonly used direct-wave method.
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A CMP requires a flat reflector or contrast of electromagnetic properties within the
maximum penetration depth of the antenna and electronics being used. The transmitter
antenna and receiver antenna are placed next to each other at a known separation, then
after each measurement, the antennas are moved apart a fixed distance with the step size
being a function of the antenna center frequency. Depending on the electrical conductivity
of the bulk soil it is possible in many soil types that penetration may be too poor to perform
a quality CMP survey. Another disadvantage to the CMP method is that it requires bistatic
antennas in separate antenna housings so that they can be moved apart. Several of the most
popular GPR systems only have only monostatic antennas or bistatic antennas inside of a
single housing preventing them from being used for CMP surveys. Some newer GPR array
systems have a large number (more than 25) of transmitter and receiver elements inside of
a fixed housing and allow the operator to interleave CMP surveys within common offset
surveys.
The most common velocity estimation method is by fitting a hyperbola to the hyperbolic
response of a point or line reflector in the subsurface. Estimating a bulk velocity for the
subsurface from a buried metal rod is simple if there is an exposed face in the soil so that
the rod can be driven into the soil horizontally without disturbing the soil. A disadvantage
with using an existing vertical face is that there may be a significantly lower soil moisture
content than the bulk soil further from the exposed face [26] due to evaporation leading
to very different calculated velocities near the face than those present over the rest of the
site. The more common method is to excavate a trench and then drive a metallic cylinder
horizontally into the vertical face of the trench. A disadvantage of the hyperbola matching
method with a buried target of known depth is that the calculated velocity is an average of
all of the material between the antenna and the buried target. Many arid soils have a thin
caliche layer at the surface may have very different electromagnetic properties than the layers
beneath it. A possible solution is to bury the same target at several depths to determine if
the velocities vary with the depth of burial of the target.
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Laboratory methods of measuring the complex electromagnetic properties of soils are
another commonly used approach to determine velocity and attenuation. The variability of
both material parameters and local geologic conditions that are encountered in-situ can cause
great difficulty in accurate prediction of propagation behavior. This variability may require
collecting soil samples at a large number of locations and depths. Similarly it is often difficult
to replicate the bulk electromagnetic characteristics of a material in laboratory conditions
using small samples. Even if the moisture content is correctly replicated, difference in density
between in-situ and laboratory samples are difficult to minimize [31].
4.1.1 Permittivity Probe
According to Conyers [23–25] there is ongoing research to develop an instrument that
can quickly and accurately measure soil properties to be used in determining GPR effi-
cacy before going to the field. To our knowledge, no wideband instrument exists that can
be used to measure the complex permittivity and conductivity of the shallow subsurface.
All current commercial soil moisture meters estimate volumetric soil moisture content by
measuring the permittivity of soil and relating it soil moisture content [103] with a site
specific calibration. Commercially available moisture probes do not output the real and
imaginary components required to calculate GPR velocity and attenuation, they only out-
put a value for soil moisture. The theory of operation of the various type of microwave
frequency range methods of measuring permittivity are well known and date back to at least
the 1950’s Von Hippel [109, 110] with a recent review being Chen et al. [19]. The most
common configuration for wideband permittivity probes is the open coaxial probe which has
been used in a number of configurations for determination of permittivity and soil moisture
[13, 20, 21, 35, 50, 59, 92, 93, 113].
The ElectroScience Laboratory at the Ohio State University (OSU) developed an in-
strument for the U.S. Army Waterways Experimental Station (WES) in 1988 [29, 41, 47]
that would allow in-situ measurement of permittivity in shallow boreholes to assist with site
preparation for ported coaxial cable intrusion detection systems. The instrument was called
107
the DICON (Dielectric permittivity and conductivity) Probe and utilized time domain re-
flectometry (TDR) to perform the measurements. Commercial instruments are available [1]
which can measure permittivity and electrical conductivity on the surface at a single fre-
quency. In 2011, the OSU ElectroScience Laboratory worked with the U.S. Army Engineer
Research and Development Center (ERDC) to develop a new wideband in-situ permittivity
probe for measuring permittivity in shallow boreholes. Measurement over a wide frequency
band is beneficial as many of the GPR systems of interest for detection of shallow targets
operate at higher frequencies (up to 3 GHz) than most traditional GPR systems. This probe
measures only reflection parameters from a single port, which implies that that we must
assume that the material being measured is non-magnetic as the matrix equations would be
underdetermined if the sample was magnetic. This is a valid assumption for most rocks and
soils as the impact of magnetic materials on permittivity measurements is only important
when the relaxation and loss effects become comparable to those produced by permittivity.
The instrument demonstrated here is a modified version of the probe developed at OSU in
2011.
In this chapter we demonstrate the capability of in-situ frequency-dependent electromag-
netic property measurement for determination of GPR performance. To achieve this goal we
performed laboratory measurements, sandbox measurements, and field measurements with
the prototype permittivity prove to compare with the measured GPR results. This work
is similar to that of Eisen et. al. [40] in that it compares velocities calculated from GPR
CMP surveys to those calculated from complex permittivity measurements as a function of
depth, except that we measured the complex permittivity in-situ and not on ice cores. To
demonstrate this capability, GPR common offset (CO) and CMP surveys were performed
on several types of soil in soil boxes adjacent to measuring the properties using the borehole
probe under a range of saturation levels. The soils tested were two varieties of commercially
available sand from the local quarry. To demonstrate the capability in electrically conductive
soils the same sequence of measurements were performed over a identical water filled tank
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where salt was added between each set of measurements until no GPR response was seen.
The final step was to perform CO and CMP surveys at a field site while also performing
measurements at the same locations with the borehole probe.
4.2 Instrumentation & Methods
Two types of measurements were performed for this study, first GPR CMP and CO
surveys were performed along the same line and second in-situ permittivity measurements
were performed on both the surface and in a shallow borehole at the center of the GPR
survey line. Measurements will be presented from three experimental configurations, first
from a sandbox filled with both dry and wet sand, secondly from an identical sandbox filled
with water with increasing levels of salinity, and thirdly from a field site.
4.2.1 Material Properties
All of the properties used to determine the velocity and attenuation of electromagnetic
waves are complex and a function of frequency [44]. The frequency dependent attenuation


























↵(!) is the frequency-dependent attenuation coefficient (dB/m)
v(!) is the frequency dependent velocity (m/s)
µ(!) is the frequency-dependent magnetic permeability (H/m)
µ0 is the magnetic permeability of free space (1.257⇥ 10
−6 H/m)
✏0(!) is the real component of the frequency-dependent, complex permittivity (F/m)
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✏00(!) is the imaginary component of the frequency-dependent, complex permittivity
(F/m)
✏0 is the permittivity of free space (8.854⇥ 10
−12 F/m)
! is the angular frequency (rad/s) given by ! = 2⇡f where f is the frequency (Hz)
c is the speed of EM wave in free space (3⇥ 108 m/s)
4.2.2 Ground Penetrating Radar Measurements
GPR measurements were performed with a Sensors & Software PulseEKKO Pro system
with 250 MHz, 500 MHz and 1000 MHz antennas as both common offset profiles and as
common midpoint surveys. At one site on the ERDC facility in Vicksburg 4 inch diameter
aluminum cylinders were buried at the surface, 0.5 m, 1.0 m, 1.5 m, and 2 m depth. A
common offset profile survey was performed over the buried targets in two directions, North-
South and South-North, to estimate GPR velocities from the reflection hyperbolas. The
values from the common offset profiles may underestimate the true velocity due to holes
being dug for the cylinder burial as opposed to inserted into the soil from a vertical face, so
as not to disturb the soil above the target.
Measurement of the soil magnetic susceptibility at each site was performed with a ZH
Instruments SM-30 to determine if the soils were non-magnetic and ensure that the assump-
tions used in the inversion algorithm within in the Keysight N1500A software were valid.
Common midpoint surveys (CMP) were performed in two orientations: North-South
and East-West, centered at the location of each borehole used for the in-situ permittivity
measurements. Analysis of the GPR data was performed with Sensors & Software EKKO
View Deluxe Software [52]. EKKO View Deluxe allows for the analysis of both common offset
and common midpoint GPR data. To calculate velocities from the CMP data we used the
semblance analysis [100] CMP tool which stacks the traces over a range of velocities, where
incorrect velocities lead to destructive interference while correct velocities constructively
add together. The semblance plot indicates the best fit velocity for each feature in the CMP
radargram.
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The velocities and attenuations of common earth materials are shown in Table Table 4.1
which is from Annan [4]. The results were compared to these to ensure that they were
reasonable.
Table 4.1: Approximate properties of a range of rocks, soils, and water normally encountered
with GPR surveys [4].
Material 
0
σ (mS/m) V (m/ns) ↵ (dB/m)
Air 1 0 0.30 0
Water (Distilled) 80 0.01 0.033 2⇥10−3
Water (Fresh) 80 0.5 0.033 0.1
Water (Salt) 80 3⇥103 0.033 103
Sand (Dry) 3 - 5 0.01 0.15 0.01
Sand (Saturated) 20 - 30 0.1 - 1.0 0.06 0.03 - 0.3
Limestone 4 - 8 0.5 - 2 0.12 0.4 - 1
Shales 5 - 15 1 - 100 0.09 1 - 100
Silts 5 - 30 1 - 100 0.07 1 - 100
Clays 5 - 40 2 - 100 0.06 1 - 300
Granite 4 - 6 0.01 - 1 0.13 0.01 - 1
Salt (Dry) 5 - 6 0.01 - 1 0.13 0.01 - 1
Ice 3 - 4 0.01 0.16 0.01
4.2.3 Wideband Permittivity Measurements
Permittivity spectroscopy is performed regularly in the the laboratory to measure the
properties of soil. To transition the process from the laboratory to the field required some
modifications of the methodology. The first was the requirement of a vector network an-
alyzer that was appropriate for field use, fortunately several instruments of this type are
now commercially available and primarily used for antenna and cable testing. Measure-
ment of in-situ permittivity was performed with an Agilent N9912A FieldFox [102] Vector
Network Analyzer (VNA) over a frequency range of 2 MHz to 6 GHz with 1001 linearly
spaced frequencies. This frequency range is the maximum range of the VNA, although the
values below 10 MHz will typically be less accurate due to error mismatches between the
measured reflection coefficients and calculated permittivity, while the values above 1 GHz
may be non-physical if the S11 probe transitions from a fringing field to radiating energy
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which is a function of probe geometry and soil electromagnetic properties. The maximum
rated frequency for the SMB to Type N adapter used as the probe is specified for accuracy
up to 4 GHz. An S11 probe can have an upper frequency limit of up to 50 GHZ as long
as the probe dimensions and material properties do not allow the probe to begin radiating
higher order modes. The FieldFox was connected via an ethernet cable to a laptop computer
running Keysight N1500A Materials Measurement software with the coaxial probe option
(004). This software allows complete control of the FieldFox calibration and measurement
process. The probe was calibrated with a standard procedure of air-short-deionized water.
The temperature and electrical conductivity of the water was measured with a Eutech In-
struments Oakton PCSTestr 35 multi-parameter tester prior to calibration to correct for the
temperature dependence of the permittivity of the deionized water.
The borehole probe went through several generations of refinement to allow the transition
of a traditionally laboratory based method to apply to more rugged field conditions. The
probe is affixed to a one meter section of pipe with a handle at the top. The probe can be
extended to two meters by connecting an additional length of pipe and an extension cable
inside of the pipe. The original design of the probe, as seen in the left picture of Figure 4.1,
required a long coaxial cable to connect the type-N female connector on the top of the probe
to the type-N female connector of port 1 of the FieldFox. One of the initial limitation of
the probe was the difficulty in maximizing coupling between the probe face and the soil. To
remedy this a new probe, as seen in the center picture of Figure 4.1, was designed that could
be hydraulically pushed or hammered into the ground. This improved the coupling but the
new design had several limitations that made this an overall negative design that was now
much more difficult to calibrate the probe, and the hammering impact to drive the probe
into the ground loosened electrical connections. In a laboratory setting cable movement can
significantly affect coaxial probe measurements so the cable is often taped in place after the
measurement is set up to minimize movement. The final design iteration involved returning
to the original probe design and removing the cable entirely by mounting the FieldFox with
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a rigid type-N male to type-N male adapter. A custom aluminum frame was built from 8020
square tubing that could fix the FieldFox to the top of the probe handle with the exact
spacing required for the new rigid connector. The FieldFox is now fixed to the top of the
permittivity probe as seen in the right picture of Figure 4.1. To improve the coupling the
auger used for the hole is now a smaller diameter than the outside of the probe. This is
the most practical method to improve the face coupling of the probe, however, this requires
significant physical effort to insert the probe into the borehole.
A pilot hole was created with a hand auger to the depth of interest, followed by inserting
the probe. Measurements are made at the depth of interest, then the probe is removed
allowing angering to an increased depth. Typically the permittivity is measured at 10-
centimeter increments and at the four ordinal directions (N, S, E, W) at each depth to
ensure good coupling on each side of the hole. If any one of the directional measurements
varied significantly from the other directions it was discarded.
4.2.4 Limitations of the Permittivity Probe
The original design of the probe was based on applying a commonly used laboratory
method to the field specifically for use in a dry desert environment in Asia. The primary
difficulty with field deployment of the probe is the coupling of the probe face to the borehole
side. This is most evident in dry rocky soils. At several sites it was impossible to auger a
hole with smooth sides due to the soil consistency and grain size distribution. Numerous
potential solutions were attempted, for example at several sites the soil was so dry that it
was impossible to remove any soil from the hole with the auger after a depth of 50 cm. We
attempted to remove the soil with a shop vacuum connected to a generator. This method
succeeded in removing the soil, but the walls of the borehole were still too rough to measure
the permittivity accurately. At these sites the only option is to rely on surface measurements
utilizing the same network analyzer, cables and software with the fixture turned on its side
or a different fixture.
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Figure 4.1: Photographs of the original probe deployment with a ruggedized phase stable
cable connecting the Agilent FieldFox N9912A vector network analyzer to the permittivity
probe (left), the second iteration designed for pressing or hammering into the ground (center),
and the updated deployment with a rigid connection to the probe (right).
4.2.5 Analysis of Permittivity Probe Data
The output of the permittivity probe is an ASCII text file containing three columns of
data: frequency in Hz, the real component of the permittivity and the imaginary component
of the permittivity. A number of repeat measurements are performed for each measurement
location, typically between 5 and 10 repeats. The raw data is plotted as a function of fre-
quency. The observer checks to see if the real component of the permittivity of any of the
repeated measurements are significantly lower than the others. This indicates that the probe
face was not in complete contact with the borehole face. If any of the measurements indicate
that they are significantly less than the others, they are discarded from the future analysis.
The mean and standard deviations of the real and imaginary components of the permittivity
are calculated. From the mean values of permittivity the following parameters are calcu-
lated: electrical conductivity; velocity; attenuation; skin depth; and depth of penetration.
The velocity was calculated from Equation 4.2, while the attenuation was calculated from
Equation 4.1 both assuming that the relative permeability of the soil was 1.
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4.2.6 Sandbox GPR and Permittivity Measurements
Measurements for this work were performed in two identical sandboxes, which are custom
built watertight fiberglass sandboxes with approximate dimensions 2 m wide by 2 m long by
0.5 m deep as seen in Figure Figure 4.1 or Figure 4.3. The boxes are built on a fiberglass
load frame to enable moving them with a forklift from the preparation location to either
our test stand location or our rainfall simulator. Each box is divided into four equal size
quadrants with a drain in the center of the quadrant, which can be individually opened or
closed. The bottom of the first soil box was covered with two layers of geotextile with a mesh
size smaller that the soil to ensure that only water can exit the drains. In the first box two
quadrants were filled with masonry sand and the remaining two with concrete sand. The
second box was filled with tap water for initial common offset and CMP measurements as
seen in Figure 4.2. The permittivity and conductivity values for water at a range of salinity
levels are seen in Table 4.2.
Table 4.2: Permittivity and electrical conductivity of types of water.
Material Conductivity (S/m)
Deionized Water 5.50⇥10−6
Tap Water 5.00⇥10−4 to 5.00⇥10−2
Sea Water 4.80
Brine > 4.50
For this work common offset GPR profiles were measured along the long axis of each
material and a GPR CMP was performed along the sample profile from the center of the
line outward. Permittivity surface measurements were made along the GPR profile at 10 cm
intervals to estimate the homogeneity of the soil, and a depth profile was performed at the
center of the line. After the initial measurement, the soil boxes were completely saturated
and the measurement process was repeated. All of the drains were then opened and the
boxes were allowed to gravity drain until the flow stopped leaving only bound water, then
the measurements were all repeated. After being allowed to gravity drain for a week the
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Figure 4.2: Picture of sandbox with dimensions of 2 x 2 x 1 m (l x w x d), filled with water,
used for lab scale measurements of GPR velocities and complex permittivity as a function of
salinity. Common offset surveys were performed with no targets and with cylindrical targets
at depths of 10 cm and 37cm, while CMP surveys were performed with no targets.
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measurements were repeated for a final time.
The sandbox is filled with masonry sand from a local supplier, a very fine grain size
sand with very uniform grain size distribution. The sand was dried in a large oven for 24
hours at 150 Celsius to ensure that the sand is completely dry. This box is designed as a
optimum situation for simple GPR measurements as it should be completely homogenous
and isotropic. Common offset GPR profiles were performed along the centerline of the box
over the full length in both directions with the Sensors & Software Pulse EKKO Pro GPR
system using 250, 500 and 1000 MHz antennas. Common midpoint surveys were performed
in the center of the box with the same system.
4.2.7 ERDC Geophysical Test Site
A field site was used to demonstrate the applicability of the permittivity probe to predict-
ing GPR performance. The site was the Waterways Experimental Station (WES) located in
Vicksburg, MS and now the U.S. Army Engineer Research and Development Center (ERDC).
The geophysical test site, which is a 100m EW by 30m NS grass covered field composed en-
tirely of the Vicksburg loess, was used for this field verification. At the WES site GPR
surveys were performed over previously buried aluminum cylinders to give a hyperbolic re-
sponse in addition to co-located CMP surveys and in-situ permittivity probe measurements.
CMP surveys were were performed co-located with permittivity probe measurements as seen
in Figure 4.4.
4.3 Results
Over 50 GPR CMP and 50 CO surveys were performed for this research. Each CMP
survey was imported into Sensors & Software’s EKKO View Deluxe software for analysis.
The CMP data was plotted with a SEC gain and then an AGC gain applied. The CMP data
was then analyzed to determine the velocity of the subsurface using the semblance analysis
velocity tool. The constant gain was applied to the semblance analysis data to aid in the
interpretation. The average value of the velocities as well as the standard deviations were
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Figure 4.3: Picture of fiberglass sandbox of approximate dimensions of 2 m by 2 m by 0.5 m
deep, half filled with masonry sand and half filled with concrete sand, for intermediate scale
measurements of GPR velocities and complex permittivity. The box was filled with dry sand
for initial measurements, fully saturated prior to the next set of measurements, then allowed
to gravity drain between the subsequent measurements.
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Figure 4.4: Photographs of the common offset and CMP surveys on the WES UXO test site
(left) and the co-located permittivity probe measurements(right).
visually selected from the plot. The common offset GPR profiles were imported into Sensors
& Software’s EKKO View Deluxe software for analysis with SEC and AGC gains applied to
each.
For each material measurement performed with the permittivity probe five repeat mea-
surements were collected to demonstrate the repeatability of the measurement method. Mea-
surements with large deviations from the average measurement were discarded as they in-
dicate poor coupling between the sensor and the material, then another measurement was
performed after adjusting the probe to improve contact. When at least five good measure-
ments were achieved on a sample the measurement suite was considered complete. The repeat
measurements for each sample were imported into MATLAB and the mean and standard
deviations were calculated for both the real and the imaginary component of the relative
permittivity. MATLAB was also used to calculate the electrical conductivity, velocity, at-
tenuation, and skin depth. Igor Pro by Wavemetrics was used to produce the plots presented
here.
4.3.1 Sandbox and field site
Figure 4.5 shows the real and imaginary components of the relative permittivity spectra
comparing lab measurements of several soil samples when fully saturated and when dry.
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The addition of the water to the dry soil significantly increased the real component of the
permittivity from approximately 3 to approximately 28, while the imaginary component only
increases by a few percent. The solid lines are the real component of the relative permittivity
while the dashed lines are the imaginary component of the relative permittivity. The dry
sands show flat, frequency independent responses as would be expected. The wet sands show
a frequency response due to the permittivity of the tap water used to saturate them. The real
soil from the UXO test site shows a significant conductivity component in the low frequency
portion of the imaginary permittivity which explains the generally poor performance of GPR
at this site.
Figure 4.5: Permittivity spectra measured with the permittivity probe on wet and dry
masonry sand and concrete sand in the sandboxes as well as field site. The solid lines
are the real component while the dashed lines are the imaginary component of the relative
permittivity. The dry sands show flat, frequency independent responses as expected. The
wet sands show a frequency response due to the permittivity of the tap water used to saturate
them. The real soil from the UXO test site shows a significant conductivity component in
the low frequency portion of the imaginary permittivity which explains the generally poor
performance of GPR at this site.
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Figure 4.6 shows the velocity (m/ns) calculated from the permittivity probe measure-
ments on the sandbox and at the field site. The solid lines represent the permittivity probe
data while the dots represent the velocities calculated from the CMP surveys. The colors
are the same for the permittivity probe data and the GPR velocities measured on the same
sample. The dry samples show the highest velocities while the wet samples are much slower.
Figure 4.6: Comparison of velocities from permittivity measurements and CMP measure-
ments on sandboxes and field site.
Figure Figure 4.7 shows the the attenuation (dB/m) calculated from the permittivity
probe measurements on the sandbox and at the field site. The addition of water to the sand
increases the attenuation, although neither of the sand samples has the level of attenuation
that the field site demonstrates. This is as expected as the field site is a fine-grained loess
soil that has a high water content.
Figure 4.8 shows the results of a GPR CMP survey in the sandbox with masonry sand as
the material. The left picture is the common midpoint data plotted with increasing antenna
separation (m) on the x-axis and increasing time (ns) going down the y-axis. Several different
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Figure 4.7: Plot of attenuations (dB/m) calculated from permittivity probe measurements
on sandboxes and field site.
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waves are present in the data including a direct air wave, a direct ground wave, a refracted
ground wave and the reflected wave from a subsurface interface. The direct air wave will
have the flattest response indicating the fastest velocity (approximately 0.3 m/ns). The
direct ground wave will be the second event in time followed by the refracted ground wave.
The left picture is the result of the semblance analysis to calculate velocity. The x-axis of
the plot is velocity in m/ns while the y-axis of the plot is time (ns) that increases down. The
semblance analysis is programmed to ignore the direct air wave. The semblance analysis
is used to determine the velocity of each received wave and therefore the material. If a
CMP survey were performed over a layered subsurface where the layer thicknesses were
large enough that the GPR antenna frequency could resolve them and thin enough that
the energy could propagate down and back up through all of the layers then the semblance
plot would show a bright spot with the velocity for each layer. The velocity seen here is
approximately 0.073 m/ns. Each GPR CMP survey was analyzed with this process and the
velocity was determined from semblance analysis. Figure 4.9 shows the results of a GPR
CMP survey in the tap water filled sandbox.
4.3.2 Water filled tank
Figure Figure 4.10 shows the frequency dependent permittivity of the water tank as
measured with the permittivity probe starting with tap water and then with NaCl added in
uniform amounts. One measurement on the tapwater was made followed by fifteen additional
measurements on the saltwater as the salinity was increased. Both CMP and CO measure-
ments were made on the same tank with all three GPR antennas first with the tap water
and then at four other salinity levels. The salinity levels were measured with two separate
methods, the first was with an Extech multiparameter water probe, and the second was with
a M.C. Miller small soilbox connected to a Fluke 1625 soil resistivity meter. The Extech
probe has and upper limit on conductivity of 2 S/m, while the Fluke 1625 did not have
these issues. The conductivity values were: 5.75E-04, 1.90E-02, 2.27E-01, 4.62E-01, 9.21E-
01, 1.07E+00, 1.27E+00, 2.16E+00, 2.32E+00, 2.55E+00, 2.93E+00, 3.26E+00, 3.62E+00,
123
Figure 4.8: Common midpoint survey performed on masonry sand with a 500 MHz antenna
with 0.23 m initial separation and 0.02 m step spacing (left). Semblance analysis of CMP
demonstrating a velocity of 0.073 m/ns (right).
3.65E+00, 4.08E+00, 4.16E+00 S/m. The real component of the relative permittivity is
the top trace with increases in salinity causing a slight decrease. The imaginary component
of the relative permittivity is the bottom series of traces with increasing levels of salinity
causing significant increases at the lower frequencies but not at the higher frequencies.
Figure Figure 4.11 shows the GPR velocities (m/ns) calculated from the permittivity
probe measurements in the saltwater tank. Overlaid on the frequency dependent velocity
figure are the GPR CMP semblance analysis velocity results with average values and error
bars. The solid lines indicate the velocities calculated from the permittivity probe while the
dots indicate the velocities determined from the GPR CMP surveys. The red dots indicate
tap water with a conductivity of 0.575 mS/m, the green dots indicate a conductivity value of
2.16 S/m and the blue dots indicate a conductivity value of 4.16 S/m. The error bars are the
range from the minimum to maximum possible velocity values for each CMP measurement.
These results show that the velocity values calculated from the permittivity probe over the
entire range of water conductivities are relatively small compared to the range of possible
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Figure 4.9: Common midpoint survey performed with a 250 MHz antenna over a tap water
filled tank (left). Semblance analysis of CMP demonstrating a velocity of 0.048 m/ns (right).
velocities from any one GPR CMP measurement.
Figure Figure 4.12 shows the attenuation (dB/m) calculated from the permittivity probe
measurements in the saltwater tank. The attenuation increases with increasing conductivity
as well as increasing frequency.
The figures presented here show that the permittivity probe can accurately measure the
complex permittivity, which can then be used to calculate the GPR velocity and attenuation.
The velocity values determined from both the GPR CMP surveys and the permittivity probe
measurements match within the error bars of the CMP measurements.
4.4 Conclusions
In-situ measurement of wideband complex permittivity had been shown to accurately
predict GPR performance for lab scale sand box examples as well as at a field site. The
sites shown in this current work are not ideal demonstrations of this new capability as
they were relatively homogeneous in terms of their electromagnetic properties and didn’t
show any large changes in permittivity with depth. The ideal site would have a complex
distribution of electromagnetic properties both horizontally and vertically. Both of the sites
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Figure 4.10: Complex permittivity of water in a tank with increasing levels of salt added
as measured with the permittivity probe. The real component of the relative permittivity
is seen in the mostly horizontal data with values around 80 and decreasing in value with
increasing salt content. The imaginary component of the relative permittivity is shown as
the curved lines starting in the lower left corner and increasing towards the upper right
corner with increasing salt content.
tested here had non-magnetic soils which were within the assumptions of the surface and
borehole permittivity probe. The primary advantage of this method is that it can be used
to measure attenuation which is the most most important GPR performance characteristic
and for which there is not standard method to determine directly from GPR data. This
method can be simplified into a even simpler platform than demonstrated here by using a
small USB powered vector reflectometer and a custom written software program instead of
a commercial off the shelf (COTS) collection and analysis program.
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Figure 4.11: Plot of velocity versus frequency for the water tank measurements. The solid
lines indicate the velocities calculated from the permittivity probe while the dots indicate
the velocities determined from the GPR CMP surveys. The red dots indicate tap water with
a conductivity of 0.575 mS/m, the green dots indicate a conductivity value of 2.16 S/m and
the blue dots indicate a conductivity value of 4.16 S/m. The error bars are the range from
the minimum to maximum possible velocity values for each CMP measurement.
The comparison of the velocities shows that the permittivity probe method works. The
more important conclusion is that this is a useful method for determining the attenuation
in-situ which is the property that really determines the performance of a GPR system at a
site. As there are currently no other easy methods to determine attenuation, this method
should be used regularly.
To review the accomplishments of this chapter, a new permittivity probe was developed.
The permittivity probe was refined through trial and error to optimize in-situ functionality.
The complex permittivity measured with the probe can be used to calculate the GPR velocity
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Figure 4.12: Attenuation (dB/m) calculated from complex permittivity measurements of
water in a tank. The tank was initially filled with tap water and then NaCl was added
in equal amount for 15 consecutive additions with GPR common offset and CMP surveys
performed over the tap water and three of the salt concentrations. The attenuation is lowest
for the tap water and increases each time additional NaCl was added.
and attenuation. The velocities calculated from the probe agreed with those from the GPR
CMP surveys within the measurement errors of the CMP surveys. Attenuation is difficult
to determine from GPR data, but easy with the new probe. With minor modifications the
new probe could be operated by a non-specialist user.
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CHAPTER 5
IMPACT OF MAGNETIC SOILS ON COAXIAL PROBE MEASUREMENTS
The coaxial probe measurement method is a fast and relatively easy to deploy method
to measure the electrical properties of soils. It has been in use for many years in the lab-
oratory and occasionally in the field. The work of the previous chapter demonstrated how
this method could be used to predict GPR velocities and attenuations as a function of depth
in shallow boreholes. The primary disadvantage of the coaxial probe method is that a re-
quired assumption is that the material being measured is non-magnetic. In this chapter I
will demonstrate the errors that arise in permittivity measurements when the soils are mag-
netic. To accomplish this task the electromagnetic properties (permittivity, conductivity and
permeability) of naturally occurring soils and laboratory prepared mixtures were measured
from low to high frequencies. The low frequency measurements were performed to enable
the presentation of the magnetic properties in the frequency range commonly used for soil
magnetic property measurements. The most common instruments for these types of mea-
surements operate in the low kHz range. The electrical properties of the soils and mixtures
were then measured with a common coaxial probe; then the materials were measured inside
of a coaxial airline transmission line allowing the determination of not only the permittivity
and conductivity, but the permeability as well. Neglecting the magnetic component of the
soils caused the overestimation of the permittivity values of up to a factor of two for highly
magnetic soils.
5.1 Introduction
Maxwell’s equations show that there are three electromagnetic properties which govern
electromagnetic behavior. The magnetic permeability (or susceptibility) is a measure of the
magnetization of a material. It is the ratio of the magnetization over the applied magnetic
field and is a dimensionless quantity. The dielectric permittivity is the ability of a material
129
to store electrical energy. The electrical conductivity is a measure of a material’s ability to
conduct electricity and units of Siemens per meter (S/m). Measurement of wideband elec-
trical properties is much easier using S11 reflection measurements at high frequencies. This
method is typically used to measure the complex permittivity of liquids and solids. The dis-
advantage to this method is that there is an inherent assumption of a non-magnetic material
so that the real component of the permeability is set to a value of 1. This is because the
matrix required to solve the problem would be underdetermined and it would be impossible
to solve for the permittivity. Cassidy in 2007 wrote a paper to measure the complex per-
mittivity of mixtures of crushed silica and pure nano-sized magnetite to determine the effect
of the magnetic materials on the measured permittivity. The approach was incorrect as the
electromagnetic properties are lumped at the MHz to GHz range. Cassidy’s measurements
were made with a S11 permittivity probe. The correct approach to this problem would be
to make the measurements with a coaxial airline to measure all of the S-Parameters of the
sample and then use the Nicolson-Ross-Wier [75, 111] solution to determine the complex
permittivity, permeability and conductivity. [89] made TDR measurements to estimate the
errors in water content estimation when the probes were inserted in magnetic soil. Previously
there has not been an effort to measure all of the complex electromagnetic properties of an
individual sample over the frequency range of approximately 100 Hz to 5 GHz. The current
problem is that there has been no quantification of the maximum magnetic permeability that
is allowable to assume that a material is non-magnetic for the purposes of assuming that the
relative permeability is equal to 1. This means that the most convenient and fastest sensors
for in-situ dielectric permittivity measurements, terminated co-axial probes, have been used










To demonstrate the impact of magnetic soils on the measurement of permittivity and
conductivity measured with a coaxial probe, the permittivity, conductivity and permeability
of 10 naturally occurring soil samples we measured from a minimum low frequency of 20 Hz
up to a maximum high frequency of 8.5 GHz. Each measurement method had frequency lim-
itations so that the low and high frequencies were not identical, and the magnetic properties
were not measured between 64 kHz and 700 kHz. To demonstrate the effect of increasing
magnetic susceptibility on the coaxial measurements mixtures of sand and industrial grade
magnetite were created. The industrial grade magnetite was manufactured by Reade Mate-
rials and passed through a #325 sieve. The mixtures ranged from 0% magnetite, 100% silica
sand by volume up to 100% magnetite, 0% silica sand. Eleven samples were prepared (0/100,
10/90, 20/80, 30/70, 40/60, 50/50, 60/40, 70/30, 80/20, 90/10, 100/0), with a 1% accuracy
in the mixing. Figure 5.1 shows the samples prepared for these measurements packed in
sample containers.
Figure 5.1: Plicture of the samples prepared for this chapter by mixing crushed silica sand
with pure commercial grade magnetite in 10% intervals from 0% to 100%.
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The frequency dependent magnetic susceptibility of the soil samples were measured with
the Geosensors UTEMIS instrument. The frequency dependent permittivity and conduc-
tivity of the soil samples were measured with an Agilent 85070E High-Temperature probe
connected to an Agilent eCal module and then an Agilent E5071C vector network analyzer.
The system was controlled by the Keysight Technologies N1500A Materials Measurement
Software Coaxial Probe option 004.
The frequency dependent permittivity, permeability and conductivity of the soil samples
were measured with in a Damaskos, Inc. 3000T soil cell connected to an Agilent E5071C
vector network analyzer. The system was controlled by the Keysight Technologies N1500A
Materials Measurement Software Transmission Line and Free Space option. The system was
calibrated at the connection between the top of the 3000T soil cell and the coaxial cable
connected to the E5071C. The system was calibrated at the top of the 3000T soil cell with
an Agilent 85518A shot/open/load/thru (SOLT) calibration standard.The system was cali-
brated at the end of the coaxial cable with an Agilent 85518A/85519A shot/open/load/thru
(SOLT) calibration standard. The system was set to 401 points logarithmically spaced over
a frequency range of 700 kHz to 7 GHz. Each sample was poured into the 3000T soil cell and
compacted with the compaction tool to maximum compaction in approximately five layers.
The mass of the empty and full soil cell was recorded to determine the density of the sample.
The data was imported into the Mathworks MATLAB software to calculate the mean
and standard deviations of all of the repeated measurements. All of the plots were created
in Wavemetrics Igor Pro software.
5.3 Results
The results are presented from the measurements of the mixtures of the crushed silica
sand as pure laboratory grade magnetite is mixed in in 10% ratios from 0% to 100% mag-
netite. The results from three types of measurements are presented: low frequency magnetic
viscosity measurements made with the Geosensors UTEMIS Mk2 instrument, high frequency
measurements made with an Agilent 85070E open ended coaxial probe fixture and also with
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a Damaskos 3000T coaxial airline fixture. For the high frequency measurements both fix-
tures were connected to an Agilent E5071C VNA and controlled by the Keysight N1500A
software.
Figure 5.2 shows plots of frequency dependent magnetic susceptibility (viscosity) of mix-
tures of crushed silica sand mixed with pure laboratory quality magnetite measured with the
Geosensors UTEMIS Mk2 instrument. The upper plot is the real component while the lower
plot is the imaginary component of the magnetic susceptibility. The results show increases
in magnetic susceptibility with added magnetite as would be expected. The results all show
essentially no frequency dependence as would be expected as the average grain size of the
magnetite is too large to exhibit a viscous response. The imaginary component exhibits some
anomalous behavior at the high frequencies, specifically the last two frequencies. I would
say that these response are not physical and are due to a nulling error with the instrument
when measuring an empty sample holder.
Figure 5.3 shows the results of all of the permittivity data measured with the Agilent
85070E coaxial probe connected to an Agilent E5071C VNA and controlled by the Keysight
N1500A software. The measured real relative permittivity values increase as a function of
the added magnetite. The measured imaginary relative permittivity values also increase
with the addition of magnetite. The imaginary data shows a much noisier response and also
exhibits non-physical responses that can occur when the actual values are very low. All of
the imaginary values are much less than 1 and the closer that they are to zero the more
difficult it is to characterize them with an open ended coaxial probe.
Figure 5.4 shows the results of all of the permittivity data measured with the Damaskos
3000T soil cell with the Keysight N1500A software and an Agilent E5071C VNA. The top fig-
ure is the real component of the relative permittivity while the bottom figure is the imaginary
component of the relative permittivity. The figures demonstrate an increase in permittivity
with increases in magnetite content. The data quality of the transmission measurements is
much higher than that of the open ended coaxial probe. This is due to several factors, but
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the most important here is that the volume of material that is sampled is much larger so
that any issues with smooth surfaces are much less important. There are error bars on both
plots but they are not visible as they are extremely small. The imaginary permittivity data
exhibits some some non-physical response at high frequencies where the upward curvature is
not consistent as the magnetite content increases. The low frequency responses are behaving
as physically expected with increases in permittivity as the magnetite content increases.
Figure 5.5 shows the results of all of the permeability spectra for the laboratory created
samples. The expected behavior is what is seen here, as the percentage of magnetite mixed
with the crushed silica increases then the measured permeability increases. At 0% magnetite
the real and imaginary components should be frequency independent but the relaxation
process visible at higher concentrations is what should occur. There are a few obvious errors
that appear in this data at high frequencies for the 40% and 60% mixtures where the real and
imaginary components do not show the expected relaxation behaviors. At this point these
results are attributed to a fitting error in the polynomial algorithm used by the Keysight
N1500A software. I have addressed this issue with Keysight and have not yet been able to
eliminate it. The lower frequency responses are correct so they will need to be sufficient for
the explanation at this time.
Figure 5.6 shows a crossplot of the real permittivity value measured at a frequency of
100 MHz with the open ended coaxial probe (y-axis) and the transmission method using a
coaxial airline measurement fixture. As the true value of the permittivity, as measured with
the coaxial airline, increases the value measured with the open ended coaxial probe increases
much faster. The incorrect value for pure magnetite is approximately twice that of the true
value.
5.4 Conclusions
The results presented here explain how the magnetic soils decrease the velocity of GPR
waves and increase the attenuation. A coaxial prove is a useful and fast method for in-situ
measurement of complex permittivity but assumes a non-magnetic material. Measurements
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of soil simulants with increasing levels of magnetic susceptibility were measured with both
the open ended coaxial probe as well as a coaxial airline fixture. The results display how
relying on coaxial probe measurements of the soils will lead to incorrect results. These
results counter those presented by [18] that relied only on coaxial probe measurements to
study the effects of magnetic soils on GPR performance. By measuring the permittivity of
the magnetic samples with two different methods, one that assumes a non-magnetic material
and one that doesn’t. I demonstrated that the permittivity values can be overestimated by
up to a factor of two.
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(a) Real component of the volume magnetic susceptibility
(b) Imaginary component of the volume magnetic susceptibility
Figure 5.2: Plot of frequency dependent magnetic susceptibility (viscosity) of mixtures of
crushed silica sand mixed with pure laboratory quality magnetite measured with the Geosen-
sors UTEMIS Mk2 instrument. The upper plot is the real component while the lower plot
is the imaginary component of the magnetic susceptibility.
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(a) Real component of permittivity
(b) Imaginary component of permittivity
Figure 5.3: Plot of permittivity data measured with the Agilent 85070E coaxial probe con-




Figure 5.4: Plot of complex dielectric permittivity spectrum spectrum of mixtures of crushed
silica sand and pure laboratory grade magnetite in 10% by volume ratios measured in the
Damakos 3000T fixture with the Keysight N1500A software and an Agilent E5071C VNA.
The top figure is the real component of the relative permittivity while the bottom figure is
the imaginary component of the relative permittivity. The figures demonstrate an increase




Figure 5.5: Plot of magnetic permeability spectrum of mixtures of crushed silica sand and
pure laboratory grade magnetite in 10% by volume ratios measured in the Damakos 3000T
fixture with the Keysight N1500A software and an Agilent E5071C VNA. The top figure
is the real component of the relative magnetic permeability while the bottom figure is the
imaginary component of the relative permeability. The figures demonstrate an increase in
magnetic permeability with increases in magnetite content.
139
Figure 5.6: Crossplot of the real permittivity value measured at a frequency of 100 MHz
with the open ended coaxial probe (y-axis) and the transmission method using a coaxial
airline measurement fixture. As the correct value of the permittivity, as measured with the
coaxial airline, increases the value measured with the open ended coaxial probe increases




CREATION OF A MAGNETICALLY VISCOUS SOIL SIMULANT FOR TRAINING
SITES
High values of either soil magnetic susceptibility or magnetic viscosity, can negatively
affect the detection of small compact targets in the shallow subsurface by metal detec-
tors. Metal detectors are common hand-held instruments issued to military units around
the world for this detection capability. To enhance detection of small compact targets in
the shallow subsurface the newest generation of metal detectors have integrated a second
sensing modality, ground penetrating radar (GPR), into the sensor head to compensate for
poor metal detector performance in magnetic soils. While this additional sensing modality
greatly increases the capability over the original single sensor instrument in soils exhibiting
high magnetic viscosity, it also increases the complexity of operation, requiring modifica-
tions to the training to effectively operate the instrument. Military organizations around
the world have been designing new training methodologies which allow the end users of the
new instruments the opportunity to train on soils that exhibit high values of magnetic sus-
ceptibility and magnetic viscosity. Magnetic soils are typically associated with areas that
are of low latitude (plus or minus 20 degrees) that have exhibited volcanism. Unfortunately
these locations rarely coincide with the training facilities available. The goal is to either man-
ufacture or import magnetic soils to the training sites, although importing large quantities
of magnetic soils has issues of its own.
To meet this training requirement and avoid the expense and difficulties in soil importa-
tion, several organizations have attempted to create soils that exhibit high levels of magnetic
susceptibility by mixing locally available soils with commercially available magnetite. For
this project I proposed to create a synthetic magnetically viscous soil to avoid the difficul-
ties of importing soils with the required properties. To accomplish this task several soils
141
exhibiting magnetic susceptibilities and viscosities over the ranges identified by the coun-
termine community as causing difficulty had their electromagnetic properties measured over
the electromagnetic induction frequency range and the ground penetrating radar (GPR) fre-
quency range. Based on the measured responses several commercially available magnetic
materials were identified that should exhibit magnetic susceptibilities and viscosities in the
ranges of interest were purchased and their electromagnetic properties were measured in
the laboratory. The results of the laboratory measurements were used to select the com-
mercially available material with the most appropriate matched electromagnetic properties.
The appropriate ratios of commercially available material to pulverized silica powder were
calculated and four samples of synthetic soil were prepared that match the levels of magnetic
susceptibility categorized to have effects on metal detectors. The four synthetic soils were
measured in the laboratory and the results were compared to the naturally occurring soils.
The results compare similarly with the naturally occurring magnetic soils and show that this
methodology can be used to create soils suitable for emplacement at training facilities.
This chapter is an extension of the previous two chapters in that it discusses magnetic soils
but transitions from just magnetic susceptibility to magnetic viscosity. The methods utilized
are the same as the previous chapter but apply to both field and laboratory measurements.
6.1 Introduction
Common geophysical instruments for detection and discrimination of buried compact
targets include metal detectors and ground penetrating radar. Metal detectors are the most
common sensor deployed to military units around the world to locate small compact targets
such as landmines, unexploded ordnance or improvised explosive devices. However, metal
detectors can have poor performance in soils with high magnetic susceptibility and also high
magnetic viscosity. These soils are also sometimes referred to as mineralized or lateritic. Due
to the shortcomings of metal detectors in these soil conditions, enhanced metal detectors
have been developed that also incorporate a simple ground penetrating radar (GPR) as
a secondary sensor for situations where the metal detector results are questionable due
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to soil properties. The addition of this new sensor modality to the metal detector, an
instrument that the military has experience with for over 50 years, requires new training
methods so that the soldier-operator understands the detection response of the new dual
sensor instrument in a range of soil conditions. The US Army Research Laboratory (ARL)
Sensors & Electronics Integration Technology Office (SEITO) is currently developing training
lanes at up to 32 military facilities to demonstrate to soldiers the proper operation of a
combined metal detector and ground penetrating radar (GPR).
ARL requests assistance with the development of the training lanes so that the soils in
each lane are representative of potential soil properties that may be encountered around the
world when using the instruments. An ideal training area would have a number of test lanes
with a range of soil properties to allow the soldiers to experience the instrument performance
in the best case scenario, several different soil conditions that are more difficult, but still allow
for successful instrument use, and finally a few lanes of very difficult soil where the instrument
will not perform as expected. This would allow the soldiers to learn to differentiate between
the same targets in a range of soil conditions and feel confident that they understand the
sensor performance in any geological environment.
For the problematic soil lanes, ARL is interested in synthetic soils that can be created
by mixing well characterized iron oxides that are available in bulk with locally available soils
that will approximate natural soils from specific locations around the world. These training
lanes will be located at 32 training sites throughout the CONUS. The training lanes are 10 by
1 by 1 meter in length, width, and depth. The procedure to construct these lands should be
such that it can be performed by non-experts. ERDC proposes to develop the appropriate
mixtures and instructions, and develop a field scale demonstration in Vicksburg with 2-3
mineralization levels. ARL requires soil properties in the middle range of mineralization,
which will be defined by ERDC. ERDC, with assistance from ARL, will evaluate these
prototype soils in Vicksburg using the detectors of interest. ERDC will investigate weathering
phenomena (accelerated), and further assist ARL in building additional training lanes at a
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different location such as Aberdeen Proving Ground.
6.1.1 Electromagnetic Properties of Soil
Interpretation of geophysical data requires an understanding of the underlying geology,
and therefore, the physical properties of that geology. Maxwell’s equations show that there
are three electromagnetic properties which govern electromagnetic behavior of materials
[90]: magnetic permeability (µ⇤), electrical conductivity (σ⇤), and permittivity (✏⇤). Mag-
netic permeability is a property of matter that reflects the presence of moving charges and
is a measure of the ability of a material to support the formation of a magnetic field within
itself. The magnetic permeability (or susceptibility) is a measure of the magnetization of a
material. It is the ratio of the magnetization over the applied magnetic field and is a dimen-
sionless quantity. Materials are classified as diamagnetic, paramagnetic, ferromagnetic or
ferrimagnetic based on their mineralogy and magnetic permeability. Electrical conductivity
is a measure of charge mobility due to an applied field. Materials are classified as conduc-
tors, semi-conductors and insulators or dielectrics. Permittivity is a measurement of charge
displacement, or polarization. Polarization arises when a force displaces a charge from some
equilibrium position, thus, storing energy. There are several polarization mechanisms which
occur in single phase materials and other polarization mechanisms which occur in mixtures.
Fuller and Ward [44] showed that all electromagnetic properties are not only frequency de-
pendent but also complex (complex implies that there is a difference in both amplitude and
phase between a transmitted and received signal). The properties that we measure in the lab-
oratory are not independent but effective properties (i.e. measured conductivity is actually
a function of both conductivity and permittivity together) as conductivity and permittivity
are interdependent. The concept of complex conductivity implies that the current density
and electric field in a material are not in phase.
The magnetic permeability as discussed in this document will be the relative magnetic
permeability which is the measured permeability divided by the permeability of free space
(µ0 = 1.256⇥10
−6H/m). Relative magnetic permeability values range from approximately 1
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up to values in excess of 1 million for some engineered materials, while most earth materials





= µr0 − jµr00 (6.1)
The permittivity as discussed in this document will be the relative permittivity which is
the measured permittivity divided by the permittivity of free space ("0 = 8.854⇥10
−12F/m).
Relative permittivity values range from a value of 1 for a vacuum up to approximately 80










Conductivity is typically reported as a zero-frequency (DC) value that is a real quantity
without an out-of-phase component. The out-of-phase component of the permittivity, 
00
, is
in-phase with the conductivity (σ). Losses due to polarization and conduction are measured









These electromagnetic properties of earth materials are secondary properties of the pri-
mary properties: water content, content of other naturally occurring or man-made materi-
als, chemical history, and biological processes. The process of interpreting geophysical data
starts with assuming the simplest property and then adding complexity until an accept-
able interpretation is reached. As electromagnetic properties are frequency dependent, all
of the physical property measurements that compose this research proposal are wideband
complex electromagnetic properties. In context of the proposed research wideband implies
that measurements will be made over more than five decades of frequency (10 µHz to 18
GHz depending on the specific application).
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The maximum magnetic viscosity of soils is a function of the magnetic mineralogy as
well as the grain size. Maher [67] summarized her own previous work, work by Dankers and
new measurements to demonstrate that magnetic viscosity of soils peaks at a grain size of
approximately 15 nm. This work has been referenced many times in the opposite direction,
instead of trying to determine the maximum magnetic viscosity as a function of grain size
many researchers use the measured magnetic viscosity values to estimate the grain size of
the material. The magnetic viscosity represented as a value above 5% as a percent frequency
dependence when measured with the Bartington MS2/3 B sensor requires a grain size from
10 nm to 25 nm.
6.1.2 Impact of Magnetically Viscous Soils on Metal Detectors
High levels of both soil magnetic susceptibility and magnetic viscosity have been shown
to negatively effect the performance of metal detectors. High levels of magnetic susceptibility
can reduce the signal to noise level of the sensor, while high levels of magnetic viscosity can
cause the soil to exhibit a delay mechanism which causes the response from the soil to mirror
the response of a small compact target. One of the easiest ways to improve the detection of
small compact targets in magnetically viscous soils with a time domain metal detector is to
measure at very early or very late times after the transmitter pulse turns off. While this is
theoretically easy to do, it is practically very challenging due to the mutual coupling between
the transmitter and receiver coils. It may be impossible to do in single coil systems as the
required early time measurements may still have ringing in the coil from the transmitter
pulse turn off.
Much work has been done in the areas of magnetic soils and their affects on the detec-
tion and discrimination of unexploded ordnance and landmines. Magnetic viscosity is the
existence of a time delay between a change in the magnetic field applied to a ferromagnetic
material and the resulting change in magnetic induction which is too great to be explained
by the existence of eddy currents. The effect, possessed by a magnetic field in the absence of
sizable mechanical forces or electric fields, of damping motions of a conducting fluid perpen-
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dicular to the field similar to ordinary viscosity [61, 63, 64, 82]. Pasion et. al. [82] showed the
negative effects that magnetically viscous soils can have on the detection of buried compact
metal targets, UXO in this case, using time-domain electromagnetic metal detectors. For
this reason there has been much interest in geophysical methods that either are insensitive
to this target masking combinations of sensors that experience different responses int he
presence of magnetically viscous soils. Billings et al wrote several conference papers and
journal articles on the impact of magnetically viscous soils on detection and discrimination
of UXO. One example of a sensor such as this is the Minehound combination time-domain
metal detector and GPR manufactured by Vallon. [10] wrote that most of the problems with
magnetic soil effects on metal detectors could be solved by transitioning from the commonly
used co-axially, coincident coil systems to a system with enough transmitters and receivers
to recover the full polarizeability tensor of the buried target. This is exactly what has tran-
spired over the last ten years as systems from the USGS, Geometrics, G&G Geosciences,
Sky Research, and others have transitioned to this method. Unfortunately these systems
are still mostly in the prototype stage, with less than 15 units of any one specific sensor
in existence. The vast majority of metal detectors are still simple systems primarily due
to cost and size limitations. This is the primary reason for the creation of systems like the
Minehound as it was cheaper and less of a size/weight issue to add a GPR system than go
to the number of coils needed to fully characterize the targets. Mullins [73] and Mullins and
Tite [74] were the first to hypothesize about the usefulness of magnetically viscous soils in
the field of archaeology for delineating changes in soil properties due to magnetic alteration.
Table 6.1 summarizes the effects of soil magnetic susceptibility on the performance of
metal detectors as determined by the European Union. The values of magnetic susceptibility
are shown as dimensionless numbers with a power of E-5. The reason for this display is due
to the most common magnetic susceptibility instruments being the Bartington Instruments
MS2, which displays the magnetic susceptibility with four digits of accuracy times a power
of E-5. The Bartington MS2 instrument has a number of sensors which can be connected
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to the electronics to allow measurement of magnetic susceptibility either in-situ or in the
laboratory. For the purpose of magnetic soil characterization related to landmines or UXO
the D sensor is the most common for in-situ measurements while the B sensor is the most
common for laboratory measurements as it allows for the measurement of the magnetic
susceptibility at two frequencies approximately on decade apart in frequency (465 Hz and
4.65 kHz).
Table 6.1: Influence of soil magnetic susceptibility on metal detector functionality.
Classification Magnetic Susceptibility  (10−5 SI)
Neutral 0 - 50
Moderate 50 - 200
Severe 500 - 2000
Very severe ≥ 2000
Table 6.2 summarizes the effects of soil magnetic viscosity on the performance of metal
detectors as determined by the European Union. Magnetic viscosity results can be presented
in two ways, the first is typically the percent difference of the volumetric low frequency (LF)
response minus the volumetric high frequency (HF) response divided by the volumetric low
frequency response. This gives a range of percent differences from zero for a material with
no magnetic viscosity to a maximum of approximately 15%. Eyre [42] showed that the
maximum percent difference in magnetic susceptibilities should be approximately 15% due
to the magnetic grain-size distribution having a finite width. There are some problems with
this method as it has been demonstrated the the Bartington MS2B sensor is not always as
accurate as expected which has led to overestimation of the magnetic viscosity of soils. The
second way to present magnetic viscosity is to normalize the volumetric susceptibility by the
sample mass, then subtract the mass specific high frequency (HF) susceptibility from the
mass specific low frequency (LF) susceptibility.
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Table 6.2: Influence of soil magnetic viscosity on metal detector functionality.
Soil Influence Frequency Dependence ∆ (10−5 SI)
Neutral  5
Moderate 5 - 15
Severe 15 - 25
Very severe ≥ 25
6.2 Impact of Magnetically Viscous Soils on Ground Penetrating Radar
Ground penetrating radar (GPR) is a geophysical technique based on electromagnetic
wave propagation in the frequency range of approximately 10 MHz to 4 GHz. GPR functions
by propagating an electromagnetic wave into the ground and recording the signals that
arrive from reflections caused by contrasts in material properties, primarily permittivity. At
each boundary where contrasts in material properties occur, some of the electromagnetic
energy is transmitted and some is reflected, but only the reflected signal is recorded by the
GPR. While contrasts in conductivity or magnetic permeability can also generate reflections,
they are primarily loss mechanisms. Highly conductive soils (or saltwater) can cause GPR
penetration to be minimal, and as the conductivity increases, the response of the soil becomes
the same as that of a metal plate, which is a pure reflector (no transmission occurs). The
permittivity of soil is independent of frequency until the upper end of the GPR frequency
range. The lower end of the GPR frequency range is used for deep geologic profiling, while
the higher end is used for detecting and discriminating smaller targets.
GPR is primarily sensitive to permittivity contrasts but will function poorly at sites
with high electrical conductivity and high magnetic permeability. The spatial variability of
these properties, both horizontally and vertically, affects GPR performance and depending
on the scale of the natural variations can appear as anomalies in the data, which is of
particular interest when the targets are low-metal or no-metal. The electrical properties of
soil, permittivity and electrical conductivity, are directly related to the density and water
content of soil while the magnetic permeability is independent of density and water content
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(although some research has shown that repeated wetting and drying cycles can change the
soils magnetic susceptibility). Since GPR performance is so site specific several methods
have been developed to predict the performance at sites. These methods cover a range of
spatial scales and costs, and may or may not be applicable for any given problem or location.
The physical properties that determine GPR velocity and performance have been used to
estimate applicability of GPR to sites around the USA.
Magnetic soil components that are responsible for net magnetic susceptibility and net
magnetic viscosity are not necessarily the same [28]. It is well known that in the operating
frequency range of GPR, soil materials can exhibit significant dispersive properties, i.e., the
electromagnetic properties of the soil are function of frequency [6, 62]. The simplest method
to describe frequency dependent electromagnetic properties is with the Debye equation, but
this is a simplification that is only applicable to limited frequency ranges.
6.3 Previous Work
The U. S. Army Engineer Research and Development Center (ERDC) has worked on
numerous projects for JIEDDO over the past seven years. This proposed work builds di-
rectory on capabilities developed to support two major previous JIEDDO funded projects.
The ERDC was tasked by JIEDDO with performing in-situ soil sampling in all geologic
regions of Iraq during 2006 to 2008. Similarly ERDC was funded to complete a similar
effort in 2008 to 2010 for all of Afghanistan. Both projects involved subdividing the two
countries into geologic regions, identifying representative sampling sites within each region,
and deploying field teams to each site to collect in-situ soil properties, and collect significant
quantities of soil from specific surface sites as a function of depth in trenches at each site.
The soil samples were shipped back to ERDC for analysis and archiving. As part of this
effort, ERDC greatly improved their laboratory capabilities for mineralogy and geophysical
property measurement. This proposed research will utilize all of the equipment, software
and technical expertise developed through these previous projects.
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Understanding of the interactions between sensors and soils is a difficult area. Many gov-
ernmental organizations such as the Defence Research and Development Canada (DRDC),
the British Geological Survey (BGS) and a former part of the British Ministry of Defense
now known as QinetiQ, and the New Mexico Institute of Mining and Technology have exten-
sively studied the effects of soils with high values of magnetic susceptibility and high levels
of magnetic viscosity on the ability to detect landmines. These efforts were only focused on
creating soils for test lanes to be used by metal detectors.
It appears that in both instances, significant deviation between synthetic and natural
soil susceptibility/viscosity was due to lack of substantial nanophase (superparamagnetic)
fraction in the commercial magnetite. Issues related to GPR performance are of course
different, and will be a particularly interesting objective to develop standards for synthetic
soils that are simultaneously challenging for both MD and GPR sensors. Pettinelli et al.
[84] tested samples to use as Martian analogues that were most likely multidomain, which
may be appropriate for a Martian soil simulant, but will not not be helpful here. The
DRDC magnetite was not a particularly useful reference for metal detector performance
due to lack of significant viscosity. Some of these magnetic results are puzzling, and it’s
not immediately obvious that relation between real and quadrature spectra is consistent
with expectation (i.e. Kramers-Kronig). [84] used an imbedded toroid to measure magnetic
viscosity which is difficult to implement for some soils, but it’s an interesting concept, and
may have practical applications. The next step in this research will be to select which mixing
model is most appropriate. Sihvola [94] has the best general reference that reviews the range
of electromagnetic mixing models.
The British Geological Survey (BGS) published a report in 2001 [98] which showed the
results of a ten person team attempting to simulate the magnetic susceptibility of Cam-
bodian soils by mixing fine-grained magnetite with locally available soil. This work tested
11 samples from Battambang, Cambodia and Devon, England, and mixtures of the Devon
soil with magnetite. The team used conductivity meters, kappa meters, XRD, and SEM to
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characterize the samples. The XRD measurements for sample mineralogy were performed
with a Philips PW1700 series diffractometer equipped with a cobalt-target tube operating
at 45kV and 40mA. The geophysical properties measured were magnetic susceptibility and
electrical resistivity. Both properties were treated as the zero frequency (DC) lower limits.
No attempt was made to measure the frequency dependent properties. The electrical resis-
tivity was measured as a function of moisture content. The physical properties investigated
in the BGS work ranged from 100 Hz to 100 kHz.
The Defence Research and Development Canada (DRDC) Suffield facility in Medicine
Hat, Alberta, Canada was the lead agency for a research program that lasted for more than
ten years to understand the impact of magnetically viscous soils on the detection of landmine
and unexploded ordnance (UXO). Under contract to DRDC, Dr. Guy Cross of TerraScan
Geophysics produced a report on the impact of soil magnetic viscosity on landmine detection
[28] . ERDC currently has a contract with TerraScan Geophysics under our Broad Agency
Announcement (BAA) to perform additional research on improving laboratory measurements
of frequency dependent magnetic susceptibility. Also under contract to DRDC, Dr. Gordon
West and Richard Bailey, University of Toronto, developed a laboratory based time domain
magnetic viscosity meter. ERDC has initiated a contract with Geoscan Sensors of Toronto,
Canada to purchase one of these sensors to speed up our ability to perform laboratory
magnetic viscosity measurements.
The New Mexico Institute of Mining and Technology (a.k.a. New Mexico Tech), Socorro,
New Mexico, has a long running program at its Energetic Materials Research and Testing
Center to understand soil properties that affect landmine, unexploded ordnance (UXO) and
improvised explosive device (IED) detection. Dr. Jan Hendrickx has been the lead for this
research with a number of other professors, post-doctoral researchers, graduate students and
undergraduate students. Previous work in this area was performed by van Dam et. al. [104].
The European Union has supported research into the effects of soil properties on land-
mine detection for a number of years. They have built several test sites in Germany, the
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Netherlands and Ispra, Italy for the testing of metal detectors and GPR to improve landmine
detection. The Institute for the Protection and Security of the Citizen (IPSC), and the Joint
Research Centre, European Commission, in Ispra, Italy have the testing and training sites
for metal detector research. They did significant work in characterizing each lane to ensure
that the electromagnetic properties of the lanes matched the planned properties. They also
did significant work to investigate the spatial variation of the properties in each lane. Some
lanes were designed to be isotropic and homogeneous, while others were designed to have
spatial variations of electromagnetic properties that simulated the actual spatial distribution
of soil properties at real sites of interest. One comment from a site report was that the mag-
netic properties of the test lanes were expected to remain constant for a number of years,
while the electrical properties of the lanes would vary as a function of moisture content due
to precipitation and evaporation.
6.4 Soil Analogues
Soil analogues or synthetically created magnetic soils that are applicable to this work fall
into three major programs. The first program was to create soil analogues for the earth’s
moon, referred to a lunar regolith analogues. The second major program was to create
Martina soil analogues. The third major program was to create magnetic soil analogues for
landmine detection.
6.5 Methods
Creation of a magnetically viscous soil analogue requires a sequence of steps to achieve
the end goal. The tasks I followed are as follows:
1. Identify some representative or end member soils for initial testing
2. Measure the complex electromagnetic properties of soils already in ERDC possession
from OCONUS sites exhibiting magnetic viscosity
153
3. Order a number manufactured iron based powder materials from industrial supply
houses that should exhibit magnetic viscosity
4. Measure the complex electromagnetic properties of industrial iron based powders
5. Create a recipe for preparing synthetic magnetically viscous soils from industrial iron
based powders and locally available soils
6.5.1 Measurement of Complex Electromagnetic Properties
I measured the complex electromagnetic properties of the soils that are currently in our
possession that exhibit magnetic viscosity over the frequency range of approximately 20 Hz
to 7 GHz. We will then repeat the measurements with the synthetic materials ordered from
commercial supply houses to determine which samples have similar magnetic viscosity to the
naturally occurring samples.
Previous work in preparing synthetic magnetic soils focused on the electromagnetic in-
duction frequency range and primarily on creating high values of magnetic susceptibility.
The materials used to increase the magnetic susceptibility had grain sizes too large to create
significant magnetic viscosity effects. This proposed work will cover the much larger fre-
quency range of induction (100 Hz to 100 kHz) to ground penetrating radar frequencies (10
MHz to 5 GHz) as well as focusing on creating significant magnetic viscosity effects. The
first step in this research will be to build on the measurements in the measurements section
above to measure a range of materials collected in the past that exhibit magnetic viscosity
over the entire frequency range of interest. Subsequently it will be necessary to determine if
any of the electromagnetic mixing relationships are useful for fitting multiple resonance and
relaxation mechanisms occur over this frequency range. Quantitative mineralogy performed
on these samples to help identify the minerals and quantities that are contributing to the
viscous response. After creating the spectra for naturally occurring magnetically viscous
materials, sources of materials, either man-made or naturally occurring, that can be used
to mix with locals soils at test site will be identified. Each potential material will need to
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have the complex electromagnetic properties measured and the mineralogy analyzed. Once
a suitable material has been identified we will need to determine the ideal mixture ratio for
simulating the types of soils of interest.
Low-frequency magnetic susceptibility measurements were performed with a Geosensors
University of Toronto Electromagnetic Induction Spectroscopy (UTMEIS) Mk2 instrument
developed by West and Bailey [6–8, 112] at the University of Toronto with funding from
Defense Canada to allow characterization of magnetically viscous soils to support UXO and
landmine detection programs. The UTEMS Mk2 can be seen in Figure 6.1.
Figure 6.1: Experimental configuration of low-frequency magnetic susceptibility measure-
ment system featuring the Geosensors UTEMIS Mk2 connected to a laptop computer and
controlled by the Geosensors software.
Most instruments commonly used for measurement of the magnetic susceptibility of soils,
such as the Bartington MS2/3 B sensor, operate as resonant solenoid coils and operate at only
a few frequencies. More advanced magnetic susceptibility sensors such as the ZH Instruments
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SM-100/105 operate over 12 frequencies. The primary disadvantage to these sensors is that
while a resonant coil can be very sensitive it required manually inserting and removing
the sample for each measurement. The UTEMIS Mk2 is a time domain instrument that can
measure over the entire frequency range of 140 Hz to 63 kHz in a single measurement and also
can perform repeated measurements without removing the sample. All measurements for this
project were performed after allowing the UTEMIS Mk2 to warm up for 30 minutes prior to
measurement, then an air measurement was made, followed by eight repeated measurements
of the sample and finally another air measurement to remove thermal drift. The samples to
be measured were packed in Parkway Plastics Model A0330025CSC sample jars with 2.54 cm
interior diameter, a height of 2.54 cm and a volume of 15 mL. Each sample jar was weighed
empty with a Ohaus Voyager VP214DCN lab scale, then the sample was packed into the
sample jar and compacted at several levels with a 2.54 cm diameter wooden dowel until the
sample was level with the top of the sample jar. The sample jar was then weighed full and
the mass of the sample was calculated by subtracting the mass of the sample jar. Each
measurement required entering the name of the sample, the operator name, the volume
of the sample, the mass of the sample, the field strength, and number of averages. The
resulting data file included the real and imaginary components of both the volumetric and
mass magnetic susceptibilities as a function of frequency as well as the standard deviation
of each component. The correct operation of the instrument was verified at the beginning
and end of each measurement session by measuring both a ferrite bead and a wire loop
with known responses. The ferrite bead response is shown in Figure 6.2 while the copper
loop response is shown in Figure 6.3. The correct responses are saved in the data collection
software which allows a tolerance test before, during or after completing measurements to
ensure that the instrument is operating within specifications.
6.5.2 Commercial Iron Oxides Exhibiting Magnetic Viscosity
The selection of a commercially available magnetically viscous material was guided by
two books by Schwertmann and Cornell [27, 91]. Many commercially available nm sized iron
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Figure 6.2: Experimental configuration of low-frequency magnetic susceptibility measure-
ment system featuring the Geosensors UTEMIS Mk2 connected to a laptop computer and
controlled by the Geosensors software.
oxides are distributed as liquid suspensions which are difficult to work with for this type of
task. The ideal material would have a high magnetic susceptibility and also a significant mag-
netic viscosity. Based on these criteria five different iron oxide nanopowders/nanoparticles
were ordered from US Research Nanomaterials, Inc (http://www.us-nano.com).
• Fe2O3, alpha, high purity 99.5+%, 30nm
• Fe2O3, alpha, 98+%, 20-40 nm
• Fe2O3, gamma, high purity, 99.5+%, 20 nm
• Fe3O4, high purity, 99.5+%, 15-20 nm
• Fe3O4, 98+%, 20-30 nm
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Figure 6.3: Experimental configuration of low-frequency magnetic susceptibility measure-
ment system featuring the Geosensors UTEMIS Mk2 connected to a laptop computer and
controlled by the Geosensors software.
Fe2O3 exists in two phases, referred to as alpha phase (Hematite) and gamma phase
(Maghemite) [27, 91]. ↵ − Fe2O3, has the rhombohedral, corundum (↵ − Al2O3) structure
and is the most common form. It occurs naturally as the mineral hematite which is mined as
the main ore of iron. It is antiferromagnetic below 260 K (Morin transition temperature),
and exhibits weak ferromagnetism between 260 K and the Nel temperature, 950 K. It is
easy to prepare using both thermal decomposition and precipitation in the liquid phase. Its
magnetic properties are dependent on many factors, e.g. pressure, particle size, and magnetic
field intensity [27, 91].
γ−Fe2O3 has a cubic structure. It is metastable and converted from the alpha phase at
high temperatures. It occurs naturally as the mineral maghemite. It is ferromagnetic and
finds application in recording tapes,[3] although ultrafine particles smaller than 10 nanome-
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ters are superparamagnetic. It can be prepared by thermal dehydratation of gamma iron(III)
oxide-hydroxide, careful oxidation of iron(II,III) oxide. Another method involves the careful
oxidation of Fe3O4. The ultrafine particles can be prepared by thermal decomposition of
iron(III) oxalate[27, 91].
Fe3O4 (Magnetite) is ferrimagnetic with a Curie temperature of 858 K. There is a phase
transition at 120K, the so-called Verwey transition where there is a discontinuity in the
structure, conductivity and magnetic properties. This effect has been extensively investi-
gated and whilst various explanations have been proposed, it does not appear to be fully
understood. Fe3O4 is an electrical conductor with a conductivity is significantly higher
(X106) than Fe2O3, and this is ascribed to electron exchange between the FeII and FeIII
centers[27, 91].
The expectation based on the material properties was that the Fe3O4, high purity,
99.5+%, 15-20 nm would be the best choice as the magnetic material to mix with an inert
sand to create a magnetically viscous soil analogue as it should have the highest magnetic
susceptibility and should also exhibit the highest magnetic viscosity based on the grain size.
6.5.3 Sample preparation
The naturally occurring samples used here we collected at sites and then crushed using
a Fritsch Pulverisette rotary pulverizer with corundum lined sample holders and corundum
spheres to prevent magnetic contamination. After measurement of the frequency dependent
magnetic susceptibility of the naturally occurring samples and the five commercial magnetic
materials the best commercially available material was selected and the required mixture
ratios were determined to create soil analogues that would fit within the ranges determined
to negatively affect metal detectors. The Fe3O4, high purity, 99.5+%, 15-20 nm was de-
termined to be the best choice and was mixed by volume with a crushed silica flour. The
crushed silica flour was SIL-CO-SIL Quality Ground Silica produced by US Silica Company
(http://www.u-s-silica.com). As both the silica flour and the magnetic nanopowders are
very small in size they are breathing hazards if inhaled and a facemark was worn at all times
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when handling them to prevent respiratory problems. After mixing each sample was poured
into a Zip-Loc freezer bag and the magnetic susceptibility was measured with a ZH Instru-
ments SM-30 handheld magnetic susceptibility meter to ensure that the results were near
the mixture goal. The prepared magnetically viscous soil analogues are shown in Figure 6.4.
Figure 6.4: Magnetic viscosity soil analogue mixtures created by mixing crushed silica flour
with Fe3O4, high purity, 99.5+%, 15-20 nm nanopowder/nanoparticles (seen in the silver
bag).
The prepared magnetically viscous soil analogues are shown in Figure 6.5 after being
packed in the sample holders for measurement.
6.6 Results
Figure 6.6 shows the magnetic viscosity of a pulverized rock sample of Yucca Mountain
Tuff, also referred to as Tiva Canyon Tuff in other publications, collected near Yucca Moun-
tain, NV by the author in 2004 and measured with the UTEMIS Mk2 instrument. Figure
Figure 6.6 also shows as soil sample collected on the Hawaiian Island of Kaho’olawe by the
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Figure 6.5: Magnetic viscosity soil analogue mixtures created by mixing crushed silica flour
with Fe3O4, high purity, 99.5+%, 15-20 nm nanopowder/nanoparticles.
author in 2004. These two samples are representative of the type of magnetically viscous
samples that are of interest to geophysicists and soil scientists who want to improve the
performance of metal detectors in magnetically viscous soils.
The frequency dependent magnetic susceptibility as calculated using the formula for the
Bartington MS2/3 B sensor of the Yucca Mountain Tuff is approximately 20%. This sample
exhibits the highest frequency dependent magnetic susceptibility of any sample that I have
measured from any location. It is therefore not representative of what would be expected
of a magnetically viscous soil of interest to landmine or UXO detection, but it is a useful
comparison and also as a limiting upper bound on the frequency dependence of naturally
occurring materials.
The soil sample from the island of Kaho’olawe is referred to as sample KH-2E. The KH
means that the sample was from Kaho’olawe, the number 2 indicates that it was from grid
2, and the E indicates that the sample was from the center of grid cell E. This sample was
selected from over 100 samples from three sites on two of the Hawaiian islands as being
a representative sample for a magnetically viscous soil that causes difficulties for metal
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detectors.
(a) Real component of the magnetic susceptibility
(b) Imaginary component of the magnetic susceptibility
Figure 6.6: Plot of the frequency dependent volume magnetic susceptibility (magnetic vis-
cosity) of a crushed rock sample collected at Yucca Mountain, NV and of a soil sample
collected on the Hawaiian Island of Kaho’olawe which are used as examples of magnetically
viscous soils.
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Figure 6.7 shows the magnetic viscosity of the five iron oxides purchased to make the syn-
thetic magnetically viscous soil. The Fe2O3 20-40 nm (alpha, 98+%) and the Fe2O3 30 nm
(alpha, high purity 99.5+%) iron oxides exhibited very low magnetic susceptibilities and no
frequency dependence. The Fe2O3 20 nm (gamma, high purity, 99.5+%), Fe3O4 15-20 nm
(high purity, 99.5+%), and Fe3O4 20-30 mm (98+%) exhibited very high magnetic suscep-
tibilities and significant frequency dependence. Based on the results of these measurements
the Fe3O4 15-20 mm iron oxide was selected to make the synthetic magnetically viscous
samples by mixing it with crushed silica powder.
Figure 6.8 shows the magnetic viscosity of the four soil analogues created by mixing the
Fe3O4 15-20 mm with crushed silica sand in ratios by volume of 1%, 2%, 10%, and 30%.
The 1% and 2% mixtures are only slightly magnetic while the 10% and 30% mixtures on
within the range that we would expect for magnetic soils and also exhibit noticeable magnetic
viscosity.
Figure 6.9 duplicates Figure Figure 6.8 but adds the KH-2E soil from Kaho’olawe, Hawaii
and the Yucca Mountain Tuff. From this data we see that the Yucca Mountain Tuff has a
much more significant imaginary component that any of the other samples. The imaginary
component of the KH-2E sample is also greater than the 30% mixture. The 30% mixture
shows and increase with frequency across the entire frequency range of measurement. I would
believe that the second highest frequency measurement of the 30% mixture at approximately
45 kHz is a measurement error. This increase with frequency would indicate that the peak of
the imaginary relaxation is much higher in frequency. This can be investigated in the future
with the upgrade of the UTEMIS instrument from version 2 to version 3 which is currently
underway as it will increase the upper frequency limit from 60 kHz to 256 kHz.
These results indicate that a mixture ratio of approximately 25% would give a response
quite similar to that of the KH-2E sample. This level of magnetic susceptibility and magnetic




This chapter has demonstrated that a magnetically viscous soil analogue can be created
that exhibits similar magnetic viscosity to two naturally occurring soils, one from Hawaii
and one from Nevada. The four soil analogues match the levels of low frequency magnetic
susceptibility determined to have neutral effect, moderate effect, severe effect and very severe
effect on metal detectors. The effect of a very severe magnetic susceptibility of approximately
3000E-5 SI is only a magnetic permeability of 1.03, while concentrated magnetite can have
high levels of relative permeability of approximately 3, while in extreme circumstances as high
as 8 (Olhoeft 2015, pers. comm.). The results indicate that the combination metal detector
and GPR sensors should have an advantage over the existing metal detector only sensors as
the impact of magnetically viscous soils is much less over the MHz to GHz frequency range
than it is in the kHz range.
Future work is necessary to determine how the electrical properties compare between
actual soil samples such as those collected on the Island of Kaho’olawe and the synthetic
sample created here. As water is the primary influence on the electrical properties of soils,
future work will need to investigate several factors related to soil moisture content. The
first will be the range of electrical properties that the soil analogues exhibit compared to the
naturally occurring soils. The next factor will be to determine if the nano-sized magnetite
added to the silica flour will remain mixed or will begin to wash out when exposed to
precipitation. It is expected that silica flour will not be the best base material for a soil
analogue to be emplaced at field sites, most likely the best choice will be locally available
soil with some clay content to act as a binder. A proposal has been submitted to generalize
the work of this chapter to multiple geologic regions.
An additional question is whether this method of creating synthetic magnetically viscous
soils is economical. The iron oxide powders used for the work in this chapter are lab created
and were purchased in relatively small quantities of 1 kg bags each. The three iron oxides
that exhibited magnetic viscosity range in price from $358.00 per kg to $789.00 per kg. The
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Fe3O4 15-20 nm (high purity, 99.5+%) used to create the synthetic magnetically viscous
soils was the most expensive while the Fe3O4 20-30 mm (98+%) was less than half that
price at $358.00 per kg. The cheaper iron oxide would be the better choice to make an
actual mine lane as a mine line is generally of the size of 1 m wide by 50 m long with a
depth of at least 1 m to ensure that it was essentially a half-space to the the most commonly
used sensors. That is a volume of soil of 50 m3. This work showed that to have similar soil
response to the Kaho’olawe soil that the mine lane would need to be approximately 25% of
the Fe3O4 20-30 mm (98+%) by volume which would be 12.5 m
3. The density of Fe3O4 is
approximately 5.17 g/cm3 or 5170 kg/m3. This would mean that we would need 64,625 kg
of Fe3O4 20-30 mm (98+%) for one test lane. At at price of $358.00 per kg this would cost
approximately $23,135,750.00 per test lane. While I am sure that it is possible to get bulk
discount pricing, I doubt that it will decrease by enough to make this economically viable.
I have not priced how much it costs to rent a container ship to bring large quantities of soil
back from Hawaii, but I would assume that it would be less expensive.
This cost does lead to one my suggestions that doesn’t currently exist which is to develop
a magnetic viscosity map of the Conterminous United States (CONUS) from existing soil
samples collected over all of CONUS at 4,500 sites. This data could be used to identify a
site in CONUS that could be used as a source of magnetically viscous soils for use in test
lanes. The samples from Yucca Mountain would not be useful for this application as I had
to hike up the side of the mountain carrying tanks of water and a gas powered rock drill
to collect 1 inch diameter core samples from specific stratigraphic sequences known to be
highly magnetically viscous. I then had to crush the samples in a sample pulverizer one core
at a time. The source material required for use in test lanes must be soil and only require
transportation for the source to where it is needed.
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(a) Real component of the magnetic susceptibility
(b) Imaginary component of the magnetic susceptibility
Figure 6.7: Plot of the frequency dependent volume magnetic susceptibility (magnetic vis-
cosity) of five iron oxide samples purchased as potential additives to the silica sand to create
synthetic magnetically viscous soils.
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(a) Real component of the magnetic susceptibility
(b) Imaginary component of the magnetic susceptibility
Figure 6.8: Plot of the frequency dependent volume magnetic susceptibility (magnetic vis-
cosity) of the four synthetic magnetically viscous soils created by mixing Fe3O4 15-20 mm
with crushed silica sand in ratios by volume.
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(a) Real component of the magnetic susceptibility
(b) Imaginary component of the magnetic susceptibility
Figure 6.9: Plot of the frequency dependent volume magnetic susceptibility (magnetic vis-
cosity) of the four synthetic magnetically viscous soils created by mixing Fe3O4 15-20 mm
with crushed silica sand in ratios by volume. Also shown in these plots are the data for the




This dissertation combined three related but still disparate measurement methodologies
and related them to the field performance of common geophysical sensors. Measurement of
the frequency dependent dielectric permittivity is a very commonly used laboratory tech-
nique, but is not a commonly used field method. One of the limitations of a permittivity
probe is that it is assumed that the material is non-magnetic. The second portion of this work
demonstrated the errors that can occur in predicting GPR performance only from permittiv-
ity probe measurements in magnetic soils. The third part of this dissertation demonstrated
the applicability of the methods shown in the first two sections to creating a magnetically
viscous soil analogue.
7.1 GPR Velocity and Attenuation Prediction from In-Situ Permittivity Mea-
surements
A prototype in-situ permittivity probe was tested in the laboratory, in soil boxes and
at a field site. The design went through several iterations to compensate for issues that
primarily occur in the field but are easily remedied in a laboratory setting. The probe mea-
sured the complex permittivity of the material (primarily soil) in contact with the probe
face. A MATLAB program was written to import and process the repeated measurements
and to calculate the conductivity, GPR velocity, attenuation, and skin depth at the point of
measurement. To validate the probe measurements GPR common midpoint (CMP) surveys
were performed at the same location utilizing 250, 500, and 1000 MHz antennas. The GPR
measurements indicate that the velocities calculated from the in-situ permittivity measure-
ments are within the errors of those determined from the GPR measurements. This method
is capable of in-situ velocity and attenuation measurements which are not easily measured
with the GPR instrument itself. This instrument can be easily modified to be operated by
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a non-specialist in the field.
7.2 Impact of Magnetic Soils on Permittivity Measurements
The measurements from the first section assumed that the soils were non-magnetic, which
is a reasonable assumption for many parts of the world but not all locations. To demonstrate
the potential errors in using permittivity probes to estimate GPR velocities and attenua-
tion in magnetic soils, samples were prepared from commercially available magnetite powder
ranging from 100% sand with 0% magnetite up to 0% sand with 100% magnetite. These
samples were measured with a coaxial permittivity probe, then full two-port measurements
with a coaxial airline were performed on the same samples allowing for calculation of the
permittivity, permeability and conductivity. The magnetic susceptibilities of the samples
were measured at the lower frequencies commonly used for magnetic susceptibility measure-
ments to determine if there was a threshold value for magnetic susceptibility below which
the errors in calculating GPR velocity and attenuation were negligible.
The permittivity values of the samples measured with the permittivity probe varied as a
function of the percentage of magnetite with a maximum overestimation of the permittivity
of approximately two for 100% magnetite. This over estimation will lead to incorrect values
of for the velocity and attenuation.
7.3 Creation of a Magnetically Viscous Soil Analogue
Using the methods of the two previous sections a number of samples previously collected
and known to exhibit magnetic viscosity were measured with a new commercially avail-
able instrument, the Geosensors UTEMIS Mk2 magnetic susceptibility spectroscopy sensor.
These results were used to define a range of magnetic viscosity for naturally occurring soils
of interest. As magnetic viscosity is known to be maximized at a grain size of 10 to 15 nm,
commercially available nano sized magnetite powders were ordered. The magnetic viscosity
of the powders were measured and found to exhibit both very high magnetic susceptibilities
and also significant magnetic viscosity. The commercially available powders were mixed with
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commercially available fine sands ranging from 100% sand with 0% magnetite up to 0% sand
with 100% magnetite. The new mixtures were found to be within the ranges of the properties
of the naturally existing magnetically viscous materials. This proof of concept demonstrates
that it is possible to create a magnetically viscous soil analogue that can be produced in
larger quantities and deployed to testing sites and training ranges to teach soldiers how to
operate dual sensor metal detector and GPR platforms when working in magnetically viscous
soils. The costs of the mixtures are still quite high and further modeling must be done to
determine the minimum dimensions of the test lanes that can be used to simulate in-situ soil
conditions so that the costs of creating these test lanes can be minimized.
7.4 General Conclusions
This dissertation transitioned dielectric spectroscopy from the laboratory to the field
and discussed the implications for metal detector and GPR performance. This process
included measuring complex electromagnetic properties of soils over a wide frequency range
from 20 Hz to 18 GHz in both the lab and field. This work demonstrated the difficulty in
performing these wideband measurements in-situ due to issues of calibration, stability of the
measurement platform, and integrating multiple methods. This dissertation demonstrated
a new sensor and the applications of the sensor for in-situ permittivity measurements. This
dissertation demonstrated the effects of magnetic soils on open ended coaxial probes. This
dissertation demonstrated a new sensor for magnetic viscosity measurements of soils and
utilized that sensor to show that synthetic magnetically viscous soils can be created that




The methods developed and demonstrated in this dissertation opened up a whole range
of new questions and potential approaches to addressing the topic of wideband frequency de-
pendent electromagnetic properties. Several new approaches to the measurements presented
here have already been tested but were not included in the dissertation as a cutoff had to be
chosen. Several of these new approaches are discussed below based on better instrumentation
choices for the type of measurement, improvements in the measurement fixtures, or better
calibration methods.
8.1 In-Situ Permittivity Measurements
This thesis has demonstrated the applicability of in-situ measurements of complex elec-
tromagnetic soil properties and how to use that information to predict GPR performance.
The modifications and improvements of the prototype permittivity probe made the system
functional for field use but there is still room for significant improvement. One initial im-
provement is to either find a smaller one-port vector network analyzer that could minimize
the requirement of the inverted mounting of the Agilent FieldFox N9912A to the top of the
probe. One possible option for this is the Copper Mountain Technologies Planar R54 Vector
Reflectometer, which with a suggested price of $2995 is much less expensive than the Field-
Fox, but is limited in its low frequency to 85 MHz. Another option would be to design and
build a dedicated VNA box specifically for this purpose, but that would require performing
the market research to determine if it would be economic to produce in larger numbers.
Another issue to address is the calibration process. Chen and Chen [20] demonstrated
how to improve accuracy by measuring multiple loads in the calibration process. Woodhead
et. al. [113] demonstrated the ability to make custom load calibration standards on printed
circuit boards for coaxial probes with planar faces. This idea is very useful for in-situ
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measurements where maintaining liquid calibration standards in unknown field conditions
and without contaminating the liquid samples when they are opened for use shows great
promise. Applying this work to coaxial probes of different sizes would give a range of
options for field measurements that could be optimized for the frequency range of interest.
Integrating the work of Chen and Chen [20] with that of Woodhead et. al. [113] by creating a
number of load calibration standards for each probe would both eliminate the need for liquid
calibration standards in the field and also improve the accuracy of the method. This has
applicability not only to soil characterization but I have already used these types of probes
to characterize railroad ties as a method to identify flaws in them from GPR data and
also for measurement of concrete and asphalt structures to refine GPR velocities necessary
to accurately map layer thicknesses. Every improvement in these methodologies will be
directly applicable to areas of applicability with already existing money and needs.
The methodology applied in this thesis will be applied to measurements already made
at four other field sites to predict the GPR performance at those sites. It can be used to
generalize the results over several other geologic regions.
8.2 Magnetic Viscosity Measurements
My path over the last ten years in looking at magnetically viscous soils has identified
needs for instrumentation. The Geosensors UTEMIS used in this dissertation is the first
commercially available magnetic susceptibility sensor that offers certain features: a relatively
large sample size, high sensitivity, large range, ability to measure the entire frequency range
in a single measurement and an easily transportable size. On disadvantage is that the upper
frequency range is limited to 64 kHz. I have already awarded a contract to Geosensors to
modify the current UTEMIS sensor to the UTEMIS MK2 which will be a one of a kind
prototype with an upper frequency limit of 256 kHz. The ideal for this type of sensor
would be to have an upper frequency limit of 1 MHz so that the data can overlap with the
permeability measurements made with the coaxial airline measurement cell connected to the
Vector Network Analyzer which would allow a continuous magnetic permeability spectrum
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from 10 Hz to 7 GHz. This would be a truly wideband data result. Another issue with
magnetic viscosity measurements is that there is no currently available sensor to measure
the magnetic viscosity of in-situ soils. Several prototype sensors have been developed but
they had significant limitation and are no longer in production. I have awarded another
contract option to Geosensors to modify the new UTEMIS MK2 sensor to work with a field
based coil allowing for in-situ measurements of magnetic viscosity on soils and rocks. The
first planned work for the UTEMIS MK2 sensor is to measure the 4500 soil samples collected
by the USGS and stored at the Denver Federal Center from 1500 sites at three soil horizons
over the entire conterminous United States to generate the first magnetic viscosity map of
the USA. This is a product that has been requested for many years. After generating the
map, the next step is to perform a detailed analysis of the frequency dependence to identify
the best model to fit all of the data and then identify outliers. The final step would be to
relate the mineralogy of each sample to the measured magnetic viscosity.
8.3 Creation of Magnetically Viscous Soil Analogues
The work in this dissertation to demonstrate that a soil analogue could be created to
match the electromagnetic properties of soils naturally occurring magnetically viscous soil
was just a proof of concept. For this soil analogue to be truly useful an entire range of
physical properties much be matched. The most important issue to deal with is how the soil
analogue will hold up to natural weathering. The proof of concept demonstrated here only
involved mixing sand with magnetically viscous magnetite which was commercially available.
This material would most likely wash out of the sand after being emplaced at a testing range
and exposed to normal rain events over the course of a year. To prevent this a mixture of
sand and clay would most likely be required as the base material. Another issue is how to
mix the material on the more industrial scale required for this usage rather than the me-
chanical or hand mixing used to create samples smaller than 1 L as used in this dissertation.
This issue could be tested by making larger batches of the material and exposing it to a
range of rainfall situations in the rainfall simulator at the US Army Engineer Research and
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Development Center. By measuring the soil properties with both electromagnetic induction
metal detectors and ground penetrating radar it could be determined if the fine grained
magnetite was migrating down through the soil with additional rainfall.
8.4 Inversion of S-Parameter Data for Material Properties
The algorithms used to invert the measured wideband S-Parameter data from either
coaxial airlines or open ended coaxial probes are typically iterative methods that start at
the lowest frequency and then step up in frequency to the highest frequency. The primarily
goal of wideband physical property measurements is to push the upper and lower limits of the
measurement method as far as possible while still maintaining an acceptable level of accuracy.
The physical dimensions of the measurement fixture can be used to determine the optimum
frequency range of the fixture. The frequency range over which acceptable measurements
can be made is a function of the physical properties of the material under test. An improved
method would be to start the inversion process at the optimum frequency of the fixture and
then move iteratively out in both directions starting from an initial guess. The inversion
algorithms are also not typically model based. As permittivity and permeability can be
demonstrated to usually follow Cole-Cole type distributions, adding a limit to the change in
material properties as the algorithm extends away from the optimum frequency would also
improve the results. A final suggested improvement would be to generate error estimates
from the inversion process, since most the commercially available software packages do not
offer this feature.
8.5 Laboratory Measurements of Complex Electromagnetic Properties of Soils
Simultaneously to the work presented in this thesis the electromagnetic properties of
soils of every geologic region in both Iraq and Afghanistan were performed in my lab. Until
recently I was unable to make the measurements wideband due to issues with calibration
and interpretation. Now that those problems have been resolved we will remeasure the
electromagnetic properties of all of these samples and produce two journal articles that link
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the geophysical measurements to the geology of the sites where each sample was collected.
176
REFERENCES CITED
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